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ABSTRACT
In the present work a simulation model for examining the fundamental dynamic be-
haviour of a servo driven powertrain is developed. This powertrain consists of a per-
manent magnet synchronous motor, a cycloidal gearbox and a torque motor to apply a
load. On basis of this model the selection of components for the design of a test rig is
possible. This leads to the constructive draft of the test rig. In order to model the system
the fundamentals give a brief overview of the components incorporated in the test
rig system. With help of the specified task the simulation purpose is defined and the
modelling process enabled. The subsequent system analysis is performed intensively
to decompose the system into subsystems, which are then investigated to find the
optimal modelling approach for the given simulation task. Particular emphasis is put on
the investigation of the cycloidal gearbox subsystem and it shows, that approaches for
modelling the dynamic behaviour of the gearbox as a whole have only been published
partially. Therefore, the available modelling approaches are analysed and suitable models
are developed as conceptual models. Those will be formalised and implemented in
MATLAB/SIMULINK. The model is verified and simulation experiments are performed
that help in the selection of suitable test rig components. On basis of a flexible test rig
finally the constructive draft is presented.
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Symbol Unit Name
η − efficiency of the cycloidal gearbox
γ rad transformation angle
ωm rad s
−1 motor shaft velocity
ω∗m rad s
−1 nominal motor shaft velocity
ωm,m rad s
−1 measured motor shaft velocity
ϕb rad backlash angle
ϕl rad load shaft angle
ϕm rad motor shaft angle
ϕ∗m rad nominal motor shaft angle
ϕm,m rad measured motor shaft angle
θ rad difference angle
ROMAN LETTERS
Symbol Unit Name
cc N ·m torsional spring constant of the cycloidal gearbox
cT i N ·m torsional spring constant of the transmission input
elements
cTo N ·m torsional spring constant of the transmission output
elements
D − damping factor
dc N·m·s·rad
−1 torsional damping constant of the cycloidal gearbox
dT N·m·s·rad
−1 torsional damping constant
dT i N·m·s·rad
−1 torsional damping constant of the transmission input
elements
dTo N·m·s·rad
−1 torsional damping constant of the transmission output
elements
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Symbol Unit Name
h s step size
hlim s step size limit for the solver
hmax s maximum step size
hopt s optimal step size
i − gear ratio
ia A stator current in the a-winding
ib A stator current in the b-winding
id A stator current in the d-axis
i∗d A nominal current in the d-axis
idc A core current in the d-axis
id,m A measured current in the d-axis
idm A inductance current in the d-axis
imin − minimum available gear ratio
iq A stator current in the q-axis
i∗q A nominal current in the q-axis
iqc A core current in the q-axis
iq,m A measured current in the q-axis
iqm A inductance current in the q-axis
Jmc kg ·m
2 mass moment of inertia of the cycloidal gearbox reduced
on input side
Jm kg ·m
2 mass moment of inertia of the servo motor
JT i kg ·m
2 mass moment of inertia of the transmission input elements
Jtm kg ·m
2 mass moment of inertia of the torque motor
JTo kg ·m
2 mass moment of inertia of the transmission output
elements
k − mass inertia ratio
KT N ·m ·A
−1 motor torque constant
Ld H stator winding inductance in the d-axis
Lq H stator winding inductance in the q-axis
m − weighting factor
mel N ·m rotor torque
mfr N ·m frictional loss moment
ml N ·m load torque
n − weighting factor
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Symbol Unit Name
ncmax s
−1 allowable rotational speed of the cycloidal gearbox
nmmax s
−1 allowable rotational speed of the servo motor
R Ω stator winding resistance
Rbr Ω braking resistance
Rc Ω core resistance
RL Ω loading resistance
Tacc N ·m allowable acceleration torque
Tmmax N ·m maximum torque of the servo motor
T tmax N ·m maximum torque of the torque motor
T cN N ·m rated torque of the cycloidal gearbox
TmN N ·m rated torque of the servo motor
Ud V voltage in the d-axis
U∗d V nominal voltage in the d-axis
UIC V intermediate circuit voltage
UPq V pole wheel voltage in the q-axis
Uq V voltage in the q-axis
U∗q V nominal voltage in the q-axis
USd V speed voltage in the d-axis
USq V speed voltage in the q-axis
Zp − number of pole pairs
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1 INTRODUCTION
1 INTRODUCTION
1.1 MOTIVATION
The modern engineering of processing and packaging machines faces new challenges.
One challenge is the need for more flexible machines, that are adaptable to varying
process specifications. As traditional high-speed machines often rely on mechanical
transmission elements and cam-discs, their flexiblity is limited, whereas modern ap-
proaches make use of servo driven powertrains. Commonly gearboxes are used within
the powertrain to adapt output torque and speed of the driven tool to the process’
needs. Therefore, servo driven mechanisms often exhibit lower stiffness than traditional
approaches. Especially in high-speed applications the stiffness has a strong influence
on the dynamic behaviour of the powertrain. A type of frequently used gearboxes is
the cycloidal gearbox, but even though the industrial application of cycloidal gearboxes
is widespread, the appropriate modelling of a powertrain incorporating such a gearbox
for examining the dynamic behaviour has not been published yet. The present work
therefore aims in closing this gap.
1.2 PROCEDURE
The aim of this work is to make an approach in modelling the dynamic behaviour
of a powertrain and designing a suitable test rig. This test rig consists of a servo
motor, the cycloidal gearbox and a torque motor which allows to apply a load moment.
Therefore the aims of this work are as follows. The system has to be modelled with
suitable approaches. Subsequent simulation experiments help in identifying influential
parameters of the system. Finally, the test rig can be designed based on the findings of
the simulation. To reach the aims of the present work, the procedure presented in the
following will be applied. The procedure is illustrated in fig. 1-1. The chapter 2 presents
the fundamentals for the test rig components, as well as for modelling and simulation.
On this basis it is possible to define a specified task in chapter 3. This specified task
will be used to find suitable approaches for modelling the powertrain based on the
guideline VDI 3633-1 [1]. Hereby the process of modelling is divided into three phases,
the system analysis, model formalisation and model implementation. Methods of the
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system analysis will be used for finding appropriate modelling approaches for the system
in chapter 4. With the conceptual model resulting from this, a formal model is developed
in chapter 5. The final step of modelling is the implementation, where an executable
model is achieved in chapter 6. Subsequently the verification is discussed, which is the
“process of determining, that an implementation of a simulation accurately represents
the [...] conceptual [and formal] description and specifications. [2]” As a result, this
formally correct model can be used for further simulation experiments. These simulation
experiments consist of examining suitable solvers, a stability analysis of the model and
a sensitivity analysis in chapter 7. The sensitivity analysis is used for determining the
most influential parameters of the test rig model. On basis of the findings from the
simulation the components for the test rig are selected and the design of the test rig
is presented in chapter 8. The work is concluded with a brief summary and outlook in
chapter 9.
System Analysis Conceptual Model
Model
Formalisation Formal Model
Implementation Executable Model
M
o
d
e
l
l
i
n
g
Verified ModelVerification
S
i
m
u
l
a
t
i
o
n
Required KnowledgeFundamentals
Design of the Test RigConstructiveDesign
Specified TaskTask Defintion
System EvaluationSimulationExperiments
Figure 1-1: Procedure of the Work
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2.1 DEFINITIONS
The procedure and methodology of a simulation has already been discussed in the
introduction briefly. This chapter will give a more detailed overview of simulation and
modelling.
» The simulation is a procedure, to recreate (simulate) a system with its
dynamic processes in an experimentable model to gain knowledge, which is
transferable to the reality. « [3]
In other words, the simulation uses a planned or existing system to create a new ab-
stracted system, which is usable for further investigation. This abstraction is performed
under regard of the actual simulation purpose. Therefore, a compromise between
complexity and effort has to be found. The process of transferring the original system
into an abstracted, experimentable system is the modelling. The result of this process
is the model.
» A model is a simplified reproduction of a planned or existing system with
its dynamic processes in a different conceptual or concrete system. « [1]
As the definitions of the simulation and model show, a central role is given by the
system. The system can be defined as “a set of interrelated elements separated from
the environment [1]”. The system is composed out of elements, which together form a
purposeful entirety and thus create the system border. The elements not only interact
with each other but also with the system’s environment to fulfil a specific task as
illustrated in figure 2-1. [4]
To judge, whether a developed model is a valid reproduction of the original system, the
last step of the simulation as defined in the guideline [1] is the validation. The definition
can be given as “the process of determining the degree to which a simulation is an
accurate representation of the real world from the perspective of the intended use(s)
as defined by the requirements. [2]” The validation therefore aims in comparing the
accuracy of the developed model with the behaviour of the real system while paying
regard to beforehand specified task. This step can only be performed, when the original
model is available and can therefore not be part of this work. [5]
Max Wittwer Powertrain Modelling Page 12
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System
Environment
System border
Input Output
Element 1 Element 2
Element n
Relations
Figure 2-1: Scheme of a System
2.2 MODELLING
The procedure of modelling has already been introduced in chapter 1. In order to
approach the modelling of a system in a purposeful way, different types of models will
be briefly discussed in the following. The most fundamental distinction is given by the
model architecture. Models can either recreate the structure of the original system
(analytical description, white-box) or recreate the behaviour of the original system
(behavioural description, black-box). A model showing both, analytical and behavioural
descriptions, is referred to as a hybrid description or grey-box model. White-box models
implement the fundamental mathematical relations of the original system and therefore
show the behaviour of the original system independently of the input. Black-box models
do not recreate the structure of the original system, but use experimental data gained
from the original system to recreate the behaviour for this specific input. System
behaviour for differing inputs can therefore not be simulated with black-box models. This
model type is useful, if the structure of the real system is not known or the analytical
modelling process requires a high effort. The modelling process relies on the data of
experiments in order to recreate the behaviour of the original system. Grey-box models
use analytically described elements and behavioural described elements to achieve the
desired model complexity and system behaviour. [4]
Models also consist of describing parameters. These parameters can be concentrated,
meaning they are not distributed spatially. The corresponding mathematical description
is an ordinary differential equation. If the parameters are distributed spatially, the
model’s description is a partial differential equation, thus increasing the simulation
effort. The present work will therefore be limited on descriptions with concentrated
parameters.
Another aspect, concerning the computer simulation, is the time dependency of the
system behaviour. Due to the chosen tool of simulation, which will be MATLAB/SIMULINK
Max Wittwer Powertrain Modelling Page 13
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in the present work, focus is put on quasi-continuous behaviour, where the simulation is
performed for small time increments.
2.3 SERVO DRIVE
2.3.1 INTRODUCTION
The servo drive system, as shown in fig. 2-2, consists of the servo motor, the servo
inverter and a control system. The servo motor acts as an energy transducer using
electric energy from the mains and delivering mechanical energy at the motor’s shaft.
The servo inverter is the actuator in the closed loop control, acting as an energy converter
and delivering the electrical energy taken from the mains with a specific, variable
amplitude and frequency to the servo motor. Control signals for the servo inverter are
generated by the control system with a specific modulation regime. [6], [7], [8]
Servo Inverter
Electrical 
Mains
Control System Sensor Signals
Mechanical
Energy
Servo Motor
Nominal Values
Control Signals
Electric
Energy
Figure 2-2: Scheme of a Servo Drive System
2.3.2 PERMANENT MAGNET SYNCHRONOUS MOTOR
Servo motors are characterized by a high power density, low inertia and high overload
capacity while being compactly built. For this work a Permanent Magnet Synchronous
Motor (PMSM) will be used as a servo motor. The PMSM in general offers a high
dynamic behaviour due to typically lower inertia than for example an asynchronous servo
motor. Because the PMSM does not require the generation of a magnetic rotor field by
electricity, the efficiency is typically higher as less heat is developed during operation. A
scheme showing the key components of a PMSM is given in figure 2-3. [6]
The servo motor consists of the shaft (1), which provides mechanical energy to the
mechanical linkage. The shaft is supported by the bearings (3). Current is flowing through
the stator (2) windings. The resulting magnetic field is interacting with the permanent
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Figure 2-3: Scheme of a Synchronous Servo Motor [8]
magnet (7), which is fixed on the shaft. To ensure the holding of the position in a
de-energised state, a brake (6) is usually included. The position and speed measurement
is done by the encoder, (4). All input- and output-signals, as well as the electric energy
are transmitted via the connector (5). The permanent magnet of the rotor creates
a magnetic field. When currents flow trough the stator windings, they generate a
electromagnetic field interacting with the permanent magnetic field . The resulting
LORENTZ-force leads to the creation of torque at the rotor. [8], [9]
2.3.3 SERVO INVERTER
As shown in figure 2-4 schematically, the servo inverter mainly consists of a rectifier and
an inverter, which are connected via the DC-link or intermediate circuit. The rectifier
commutates the voltage from the mains. The intermediate circuit consists of a capacitor
acting as an energy storage for the commutated supply voltage, so that the resulting
rectified voltage active at the inverter is smoothed.
UIC
S1
S2
S3
S4
S5
S6SBr
RL RBr
Control Signals
Electrical 
Mains
Rectifier DC-Link Brake
Resistor
Inverter
Servo
Motor
Figure 2-4: Scheme of the Servo Inverter
As the capacitor is not loaded at the start up of the system and would therefore
act as a short, the loading resistance RL is needed to prevent damage of the servo
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inverter. After the process of starting up a switch disables the resistor. When braking
(decelerating), electric energy is generated within the intermediate circuit from the
inverter side. To prevent a damaging of the capacitor through this process a braking
unit (braking resistance Rbr and switch) is included to drain the capacitor. Thus, the
intermediate circuit voltage UIC is limited within an allowed range. The rectified voltage
at the inverter is supplied to the motor windings by a specific modulation regime. This
modulation is guided by control signals, which direct the state of the switches S1 - S6.
The rectifier can be built as a passive unit with diodes, as schematically shown in
fig. 2-4. This configuration requires no additional control electronic but results in a
low intermediate circuit voltage UIC , high reactive power and does not allow energetic
recovery. More complex rectifiers, as active-front-end-inverters solve these restrictions,
but require a control electronic which is more effortful to implement. [8]
The inverter is usually built with power switches because of their high efficiency. In
the majority of applications with synchronous servo drives the power switches are
Insulated Bipolar Gate Transistors (IGBTs), as those exhibit a high switching frequency,
easy controllability and low losses. [6]
2.3.4 CONTROL SYSTEM
The control system has the essential task to ensure, that the motor is following the
setpoint (nominal) values as precisely as possible. For that reason, the control strategy
which is mostly used is discussed in this section.
To understand the principle of the control system, in the following the influence of
suitable coordinate systems for describing the stator variables is discussed. The stator
of the servo motor has three phases: a, b and c. Let one assume that the phases are
distributed symmetrically, so that the resulting coordinate system consists of three
axes, one for each phase. This coordinate system will be the static abc-system (see
fig. 2-5a). The phases are connected to the servo inverter, which applies the inverter
voltages. These results in the stator currents ia, ib and ic as shown in fig. 2-5b. The
inductances in the stator therefore generate a magnetic field dependant on the stator
currents. The interaction of the permanent magnetic field and the stator magnet field
leads to a torque at the motor’s shaft. The abc-system with three linearly dependant
axes can be transformed into an auxiliary dq-system proposed by PARK. This coordinate
system uses two linearly independent axes as shown in fig. 2-5. [10], [8].
This dq-system is non-static and therefore rotating with the rotor’s speed. A time
dependant relative angle to the static abc system, the transformation angle γ, needed
for the transformation from the abc-system is obtainable from the encoder. The d-axis
Max Wittwer Powertrain Modelling Page 16
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
b Vectors of Currents in the abc-
and dq- system
Figure 2-5: Scheme of the Motor with Introduced Coordinate Systems [8]
of the auxiliary system is set to be identical with the momentarily orientation of the
magnetic field lines of the rotor. If the resulting vector of all current components~ires in
the abc-system is built, a difference angle θ between the resulting current vector and
d-axis can be obtained. The approach when using the auxiliary system is to achieve a
direct dependency of the torque from the stator currents in the dq-system. The amount
torque becomes maximal, when the angle θ equals ±90°, so that the resulting current
vector~ires lies within the q-axis. Therefore the q-axis of the auxiliary system is called
the torque building current component, whereas the d-axis is the field building current
components. [11], [12], [13], [14]
A popular control regime is the field oriented control, where a maximum torque is
achievable. Here the nominal current in the d-axis i∗d is set to zero (i
∗
d = 0-regime). The
nominal current in the q-axis i∗q results from controllers, which will be discussed below.
When the motor is operated without a current component in the d-axis, the resulting
torque is only dependant on the stator current in the q-axis iq. To be able to maintain
the stator current in the d-axis id at zero, the principle of a suitable control loop scheme
is shown in fig. 2-6.
The command variables of the control loop are the nominal motor shaft angle ϕ∗m
and the nominal motor shaft velocity ω∗m. With the feedback of the measured mo-
tor shaft angle ϕm,m and the measured motor shaft velocity ωm,m, the inputs of the
position and velocity controller are the control differences, which are the differences
of the nominal and the measured (feedback) values. The output of the position and
velocity controller is the nominal current in the q-axis i∗q . The control differences
for the current controller arise from i∗d, i
∗
q and the feedback measured current in the
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Figure 2-6: Control Loop Structure for the Field Oriented Control [8]
d-axis id,m and measured current in the q-axis iq,m. Those values are gained with the
PARK-CLARKE-transformation from the measured stator currents. The outputs of the
current controller are then the nominal voltage in the d-axis U∗d and the nominal voltage
in the d-axis U∗d . These nominal values are transformed from the dq- to the abc-system
with the inverse PARK-CLARKE-transformation. A modulation, as for example the space
vector pulse width modulation, takes place and the control signals for the inverter are
generated. [8], [15]
2.4 TORQUE MOTOR
A common type of permanent magnet synchronous torque motor, that will be used
in this work has the same principle of operation as the introduced PMSM. The main
difference of the structure is that the torque motor has a higher number of pole pairs Zp.
Because the motor torque is proportional to Zp, a comparably higher torque is generated.
Torque motors are therefore used as direct drives with low angular speeds. Fields
of application are processes that demand a high torque with low speeds, so that no
additional gearbox is needed. Due to that, torque motors in general exhibit a high
torsional stiffness and the absence of gear backlash. A cross section of a permanent
magnet synchronous torque motor is shown in fig. 2-7. [6], [8]
The torque motor consists of two parts, the stator and the rotor. In contrast to servo
motors, torque motors often are not equipped with integrated bearings.
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Figure 2-7: Scheme of a Torque Motor
2.5 GEARBOX
INTRODUCTION
As part of the planned test rig a gearbox will be used. For this purpose, gearboxes
in general will be introduced and the cycloidal gearbox is presented additionally. The
gearbox is a mechanical transmission element. This indicates, that by applying a
uniform movement at the input also the output will show a uniform movement. This
separates gearboxes from transmission elements, for example mechanisms, which show
non-uniform behaviour. The ratio of output to input speed is the gear ratio i. Gearboxes
are used for transmitting mechanical power while transforming the transmitted speed of
rotation and torque proportional to i. The usage of gearboxes is motivated by two facts.
On the one hand servo motors usually deliver a low torque at a high speed of rotation.
For that the gearbox adapts the torque and speed of rotation to what is demanded from
the process. On the other hand, the mass moment of inertia of the driven train has to be
adapted to the motor’s mass moment of inertia to achieve high dynamics of the control
loop. Disadvantages that go along with the usage of gearboxes are additional power
losses added to the system, for example due to rolling and sliding friction in the gearbox.
The teeth of the meshing parts have machining errors that lead to mechanical backlash.
To reduce the backlash, higher manufacturing precision can be used or the gears can
be preloaded with springs. Gearboxes that usually show a relatively low backlash while
providing high transmission ratios are for example planetary and cycloidal, or cycloid,
gearboxes. As the present work focuses on cycloidal gearboxes, those will be discussed
briefly. [16]
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CYCLOIDAL GEARBOX
The principle of using the geometric curves cycloids has gained a broader application by
the industry in the early 1930s, when the German engineer BRAREN patented the cyclo
drive. The cycloid shape of the gearbox’s teeth offers some advantages to common
shapes as involute teeth. To understand these advantages, the geometrical shape of
cycloid gears shall be discussed. The cycloids can be defined as
» curves, that are described by a point P of a rolling circle, which is unrolling
on a pitch circle or pitch line. « [17]
When focusing on the curves resulting from using a pitch circle, two types can be
distinguished. Epicycloids result when the rolling circle rolls on the outer side of the
pitch circle. In the case of rolling on the inner side, the resulting curve is a hypocycloid.
For the cycloid gear, the teeth can be designed by using an epicycloid for the addendum
flank and a hypocycloid for the dedendum flank. A central advantage of the cycloid
gear results from this geometric shape. The meshing process involves a convex and
concave profile, in contrast to a convex-convex meshing as for example with an involute
gear. Therefore, the gear flank pressure is affected positively, the wear can be reduced
and the capacity of the gear is increased. Especially the shock capacity of cycloid
gears is comparably high, it reaches up to five times of the nominal allowable load. A
disadvantages of the cycloid gearboxes on the other hand is the complex and expensive
manufacturing process of the cycloid profile. [17]
input shaft + eccentric disc
cycloid disc
stationary rollers
pins of output shaft
rollers
Figure 2-8: Principle of Operation of a Cycloidal Gearbox [18]
The operating principle can be described as follows (see fig. 2-8). An input shaft rotates
with the driving, higher speed with an eccentric disc mounted on it. This eccentric
movement is transmitted to the cycloid disc. Due to this, the cycloid disc rolls along
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stationary rollers. In this way the disc translational moves in the same direction as the
motor shaft is rotating, while at the same time performing a rotational movement in
the opposite direction. For each revolution of the driving shaft, the disc rotates in the
opposite direction by one cycloid tooth. The reduced rotational speed of the disc is
transferred to the slow speed output shaft by holes in the disc, in which the pins of the
output shaft roll off. The cycloidal disc usually has one hole less than there are stationary
rollers. The transmission ratio is thus equal to the number of teeth on the disc. [19], [20]
Today, cycloid gearboxes offer a compact size, large transmission ratio, high load
capacity, high efficiency and a small mechanical backlash. These advantages have to take
the high costs and required manufacturing precision into consideration. Nevertheless,
the cycloid drive has gained a wide spread usage in industrial field due to the benefits
that can be derived.
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The aim of the present work is to examine the dynamic behaviour of a servo driven
powertrain. This powertrain consists of a sero drive, a cycloidal gearbox, a torque motor
and mechanical transmission elements connecting the before mentioned components.
To reach the aim two tasks are essential. This is on one hand the modelling of the
powertrain. On this basis, simulation experiments can be performed that lay the
foundation for the subsequent part, which on the the other hand is the constructive
design of a test rig.
As the fundamentals have shown, the modelling process requires a specified simulation
task and an initial system. In order to examine the dynamic behaviour of the powertrain
system the specified simulation task of the model is to model the fundamental dynamic
behaviour. Special emphasis is put on the request, that modelling approaches should be
selected which use parameters that are obtainable from the manufacturer or derivable
by experiments.
The initial system follows from the planned test rig components and is shown in fig.
3-1.
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Figure 3-1: Overview of the Initial System
Hereby the torque motor is acting as a load by applying a load torque ml to the test rig
system. The load moment is therefore an input to the initial system. The other inputs of
the system are the nominal values for the servo motor. In the first step of modelling as
presented in chapter 1, the system analysis is performed. For this, the components of
the initial system have to be defined more concrete as presented in tab. 3.1.
On basis of initial system’s elements the system analysis develops conceptual models
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Table 3.1: Elements of the Initial System
Element Description
Servo inverter Consisting of uncontrolled rectifier and inverter
with IGBTs
Servo motor Permanent magnet synchronous motor
Control system Cascadic control loop with the control regime i∗d = 0
Transmission elements Mechanical elements connecting servo motor,
gearbox and torque motor
Gearbox Cycloidal Gearbox
for every element (subsystem). The selection of suitable modelling approaches for the
subsystems is based on the complexity and the parameters needed by the approaches.
This leads to the formalisation and implementation. It is then possible to perform
simulation experiments. These consist of discussing a suitable solver and verifying
the implemented system. Finally the sensitivity analysis examines the most important
parameters of the system.
The constructive design of the test rig is based on the selection of a suitable combi-
nation of servo motor, torque motor and gearbox. The starting point of this selection
will be the list of requirements in appendix A.1. To make the system accessible for
measurements, suitable sensors have to be selected and integrated into the test rig.
Additionally couplings should be added. As the torque motors suitable for selection are
not equipped with bearings, a concept for the support of the torque motor’s hollow
shaft has to be developed. When all purchase parts have been selected the test rig is
drafted conceptually, leading to an assembly presented as technical drawings.
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4.1 INTRODUCTION
This chapter will develop a conceptual model of the initial system. For this, the methods
of the system analysis will be used. These rely on simplifying the system in such a way,
that a suitable level of detail in accordance with the beforehand defined simulation task
is achieved. With the system analysis, the initial model can be analysed and transformed
into a conceptual model. Therefore every subsystem will be analysed for individual
features and available modelling approaches. To validate the resulting approaches, the
suitability in regard to the simulation task, to the complexity and in regard to the model
parameters will be considered. As to do so, the step of data collection will be carried
out in parallel to the system analysis. The fundamental work flow of the system analysis
is visualized in fig. 4-1.
(Sub-)
System
Elem.1 Elem.2
Elem.4Elem.3
Elem.1 Elem.2
Elem.2Analysis Abstraction
Model
Figure 4-1: Work Flow of the System Analysis
The system analysis allows to decompose a system or sub-system into its elements
with the methods of analysis and abstraction. The analysis aims in breaking down the
system structure into sub-systems and elements by decomposition, classification for the
purpose of clarification and investigation of individual features. The abstraction offers the
methods generalisation, reduction and idealisation for abstracting elements of the sys-
tem and aims in reducing the model’s complexity. To understand, what idealisation and
reduction mean, the following gives short definitions. The reduction is “the omission
of unimportant details”, whereas the idealization is “the simplification of indispensable
details. [3]” Because the research of fundamentals has been carried out intensively in
chapter 2, the structure of the initial system can be derived by decomposition easily
(see fig. 4-2).
For the resulting subsystems an investigation is carried out to gain an overview of
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Figure 4-2: Decomposed Initial System
possible modelling approaches. The possible models will be validated regarding their
degree of abstraction and availability of parameters. An optimal solution for the given
simulation task can then be chosen for formalisation and implementation.
4.2 SERVO INVERTER
The servo inverter can be decomposed into the subsystems rectifier, Intermediate
Circuit (IC) and inverter, as discussed in the fundamentals. With aid of the system
analysis, for every subsystem possible modelling approaches will be investigated to
judge, how they influence the dynamic behaviour of the overall system.
Servo
Inverter
Decomposition
Rec. IC Inv.uel Uel UIC
Ua
Ub
Uc
Command Signals
Figure 4-3: Decomposed Subsystem of the Inverter
In the course of the investigation, relevant monographs and papers on this topic
have been considered ([21–38]). As mentioned in the specified task, the rectifier is
an uncontrolled three-phase bridge rectifier, built with six diodes. The capacitor of the
intermediate circuit smooths the rectified voltage Uel. The braking resistor does not
affect the intermediate voltage UIC concerning the relevant dynamic behaviour.
The lowest degree of complexity and therefore the highest degree of idealisation for a
model is given by a) : the combination of ideal subsystems. In this case, the rectifier
is modelled as an ideal direct voltage source. The ideal intermediate circuit does not
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affect the behaviour of the system and can therefore be neglected. The ideal inverter
consists of loss-free and instantly switching IGBTs, which output the line voltages Ua, Ub
and Uc as demanded by the control signals. To lower the degree of idealisation and
therefore increase the model complexity and accuracy, the most influential non-idealities
of the subsystems are investigated. These are given by the switching and conducting
behaviour of the semiconductors, which are the diodes of the rectifier, as well as the
IGBTs of the inverter. Those switching and conducting losses can be modelled with
different degrees of complexity, as explained in tab. 4.1.
Table 4.1: System Investigation for the Servo Inverter
Complexity Subsystem Description Parameter
- - all ideal behaviour a) ++
-, 0 Rectifier, Inverter switching and conducting losses b) -
+ Inverter switching losses c) -
++ all white box model d) - -
A modelling approach with a low complexity is using a b) : black-box model, where
the time behaviour of currents and voltages is described by polynomial functions. The
parameters of this model are only accessible in special designed experiments or might
be obtained from the manufacturer with high effort. The degree of used polynomial
function determines the complexity of the resulting model and increases the number
of necessary parameters. To further increase the accuracy of modelling the switching
losses of the IGBTs, they can c) : be modelled dependant on the form of voltage
modulation, increasing both, complexity of the model and the effort of parameter
identification. The most complex approach of modelling the servo inverter subsystem
can be achieved by using a d) : highly detailed white-box model. In this context, the
electrical components of the system are modelled mathematically or physically, so
that the transient behaviour of all elements is explained. This leads to a high effort in
modelling, as for example the IGBTs are modelled with base, collector, terminal, source
and drain. The parameter identification for this approach is very complex. The resulting
formalised model would be a distributed parameter model.
As the system investigation indicates, non-idealities of the servo inverter system
should be considered when the time dependant power loss behaviour of the system is
relevant for the simulation purpose. Non-ideal diodes and IGBTs show a time-varying
power loss behaviour mostly due to conducting and switching losses. As the power loss
behaviour of the servo inverter is not part of the simulation task and the investigation
hints, that the influence of the switching and conducting behaviour on the overall system
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is insignificant small, the modelling approach a) seems appropriate. Therefore, the
rectifier and intermediate circuit can be abstracted to an ideal DC-voltage source. This
ideal DC-voltage source delivers exactly the voltage and current demanded by the
command signals, making it independent from the electrical mains. The inverter can be
abstracted to a set of switches, which are switching instantly and loss free, as triggered
by the command signals system input. As a result of the system analysis for the servo
inverter, the conceptual model can be presented as shown in fig. 4-4.
UIC +-
Command Signals
Ua
Ub
Uc
Figure 4-4: Conceptual Model of the Servo Inverter
4.3 CONTROL SYSTEM
For the control system a decomposition based on the fundamentals leads to fig. 4-5.
The inputs of this decomposed system are the nominal values ω∗m, ϕ
∗
m, the measured
values ωm, ϕm, γ and the stator current in the a-winding ia as well as the stator current
in the b-winding ib. The outputs of the control system are the control signals for the
servo inverter.
With regard to the simulation task the relevant dynamic behaviour of the control system
concerns the signal flow, as the control system uses nominal values and measured
values to calculate the control signals for the servo inverter.
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Figure 4-5: Decomposed Control Subsystem
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The approach in modelling the dynamic behaviour of the control system has been
covered by a few papers and monographs as [8], [32], [37], [39–46]. The ideal control
system would be able to adjust occurring control differences instantaneously. Due to the
nature of the control system, the adjusting of control differences is a transient process,
resulting into a time dependant change of the system’s output. Therefore, sources of
imperfections are investigated.
External Disurbances can be sources of control errors. Those are for example ex-
ternal electromagnetic fields, change of temperature or the ageing of system
components. These external disturbances are complex to model an should have
a negligibly small influence of the system’s behaviour. External disturbances are
therefore not considered.
Non-idealities of the control system are errors in the generation of nominal values,
measurement inaccuracies, inaccuracies of the Analogue / Digital (AD) conversion
or calculation delays.
The investigation hints, that the most influential non-ideality for the dynamic behaviour
of the overalls system is the time delay caused by calculation processes [43]. As the
parameters of the delay times can be obtained from the manufacturer, this non-ideality
will be considered. The value of time delay for the AD-conversion is generally signifi-
cantly lower than the computation delay and will therefore be neglected. The inaccuracy
due to measuring are an amplitude and time quantization caused by the AD-conversion.
BUSO [45] and SUL [37] hint, that this discretisation is generally insignificant for the
overall system behaviour. This non-ideality will therefore be neglected to keep a good
balance between model complexity and accuracy. Therefore, the abstracted current
measurement can be neglected. With the elaborated degree of abstraction the con-
ceptual model of the control system can be gained as shown in fig. 4-6. As the servo
inverter has been conceptualised to an ideal system, the modulation behaviour has no
influence on the servo inverter system. Therefore, the output of the conceptual control
system can be abstracted to the nominal voltage in the d-axis U∗d and the nominal
voltage in the q-axis U∗q . The input currents of the conceptual model can be modified
from ia and ib to the stator winding currents stator current in the q-axis iq and stator
current in the d-axis id, as the behaviour of the abc-system is not relevant in regard to
the simulation task. Thus, the transformation element is not necessary, reducing the
system’s complexity. As the servo motor and the servo inverter have a limited operating
range, the control difference of the current in the q-axis has to be limited.
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Figure 4-6: Conceptual Model of the Control System
4.4 SERVO MOTOR
The decomposition of the servo motor system on basis of the fundamentals leads to
fig. 4-7. This system consists of the subsystems stator, rotor and encoder. The input
voltages coming from the servo inverter can be changed to the voltage in the d-axis Ud
and the voltage in the q-axis Uq, as the behaviour of the abc-system is not part of the
simulation task. The outputs are the measured signals ϕm,m and ωm,m of the motor
shaft angle and speed, as well as the rotor torque mel. Rotor and encoder subsystem
are interconnected by the motor shaft angle ϕm. How rotor and stator are related to
each other has to be investigated in the course of system analysis.
Encoderm,m
m,m Rotor
Stator
Ud
Uq
mel
m
Figure 4-7: Decomposed Model of the Servo Motor
The highest degree of idealisation for the servo motor is given by reducing stator and
rotor to one proportional element, that delivers a torque mel proportional to the input
voltages Ud/q. This description is not able to model the fundamental dynamic behaviour
of the servo motor. Therefore, the stator and rotor will be investigated separately on the
available modelling approaches to achieve a suitable servo motor model.
For this, the stator is described as an electrical circuit, due to the physical nature of
this subsystem. The conceptualisation of the rotor depends on the chosen degree of
idealisation. The next higher abstraction degree of the rotor is given by assuming a
proportional relation between the currents of the stator windings and the resulting torque
mel. This model is valid for assuming there is no magnetic saturation and a symmetrically
built motor. To evaluate if the complexity of the stator and rotor subsystem has to be
increased, the results of the investigation are presented below ([12], [32], [37], [39], [40],
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[43], [47–57]). The analysed non-idealities are evaluated for their suitability concerning
the specified task, the complexity of modelling and the effort of parameter investigation.
The subsystem of the Encoder will be discussed afterwards.
Winding Resistance The minimal model of the equivalent electrical circuit of the
stator consists of the stator winding inductance in the d-axis Ld and the stator winding
inductance in the q-axis Lq. These inductances are creating the magnetic stator field.
Additionally, the stator winding resistance R is normally included to account for time
dependant copper losses. This model of low complexity is already capable of simulating
the fundamental dynamic behaviour of the system. As the necessary parameters can
be obtained from the manufacturer, this non-ideality will therefore be modelled.
Reluctance If manufacturing errors of the motor lead to asymmetries, the stator
winding inductance in the d-axis Ld and the stator winding inductance in the q-axis Lq
will generally differ. Due to this a reluctance moment affecting the output torque results.
This affects the dynamic behaviour of the system and will therefore be included in the
conceptual model.
Motor Temperature Some papers propose implementing a dependency of the stator
winding resistance from the motor temperature and the frequency of the stator currents
(skin effect). Simple black-box or grey-box models for the temperature behaviour of the
motor are documented, but the parameters for these models have to be determined
experimentally. A more detailed model of rotor and stator to simulate the thermal
behaviour of the servo motor system is discussed by DEMETRIADES [51]. The presented
model is complex and the parameter identification would require a high effort. Modelling
the temperature behaviour will therefore not be considered. Moreover the skin effect
can be neglected, because the windings of the stator usually have a small diameter and
the frequency of the stator currents is adequate low. [43], [32], [37]
Iron Losses Iron losses occur due to the change of the magnetic flux in the servo
motor system. They consist of hysteresis and eddy current losses. While the hysteresis
losses are generally neglected, eddy current losses are important for the overall-be-
haviour of the system. These so called core losses are proportional to the stator flux
linkage and can therefore be modelled by an additional resistor with the core resis-
tance Rc, which is put in parallel to the internal voltage. The core losses affect the total
current flow in the stator windings and therefore the examined dynamic behaviour. Due
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to this they will be considered in the conceptual model. [43], [32], [37], [48], [50], [52],
[53], [55], [56], [57]
Cogging Torque Regarding the dynamic behaviour, HOSSAIN [40] proposes a complex
model for simulating the cogging torque. The cogging torque is caused by harmonics of
the stator current and leads to torque ripple. The model parameters can be gained by
harmonic analysis from finite element simulation and experimental data. The parameters
are therefore complex to identify. As the cogging torque can be expected to have a
rather low impact on the overall behaviour of the powertrain model, this non-ideality is
neglected within this work.
Damper Windings The stator windings can show electric damping behaviour, which
can be accounted for by including damper windings. This damping behaviour becomes
relevant, when the output torque of the servo motor is modelled with a fluctuation
(cogging torque). As the cogging torque is neglected, the damping behaviour will also
not be considered. [43], [32], [37]
Rotor An investigation of the rotor subsystem shows, that a further decomposition is
appropriate. The rotor is therefore decomposed into two subsystems, the mechanical
subsystem and the magnetic subsystem. The mechanical subsystem can be modelled
separately, which will be discussed in the system analysis of the transmission elements.
As for the magnetic subsystem, the degree of complexity can be increased by taking
effects of magnetic saturation into consideration. CHAABAN [49] proposes a Two Dimen-
sional (2D) white-box model for the flux distribution in the permanent magnet of the
rotor to model magnetic saturation effects. This approach is very complex and requires
a high effort in parameter identification. A multiphysics domain approach using lumped
and distributed models for the rotor and stator subsystems concerning the magnetic
behaviour is published by BRACIKOWSKI [47]. A co-simulation of Finite Elemente Analysis
(FEA) and SIMULINK is used for simulating the magnetic behaviour of the servo motor
system and an additional co-simulation of a circuit simulator with SIMULINK for the
electronic behaviour. This model is very complex. As the control regime is i∗d = 0, the
influence of modelling saturation effects can be expected low and is therefore neglected.
[43], [32], [37], [53], [54]
Encoder The encoder is an angular position sensor, which delivers an analogue signal.
This position signal is then converted to a digital signal and by differentiation the signal
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of angular speed is achieved. This behaviour is investigated and it is found, that this
subsystem can be modelled by a quantization of time and and AD-conversion time delay.
Usually this time delay is significantly lower than the computation delays of the control
system (e.g. 4 µs to 62.5 µs). To maintain a moderate model complexity, this delay will
be neglected. The encoder will therefore be modelled as an ideal subsystem.
On basis of the elaborated model approaches a conceptual model can be achieved
as shown in fig. 4-8. The conceptual description of the stator subsystem is made as
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Figure 4-8: Conceptual Model of the Servo Motor
an electrical circuit, including the stator resistors Rd/q, stator inductances Ld/q and the
core resistor Rc. Inputs of the system are the servo inverter voltages Ud/q, resulting
in the time dependant stator current in the d-axis id and stator current in the q-axis iq.
A part of the stator current then flows through the core resistor resulting in the core
current in the d-axis idc and the core current in the q-axis iqc. The currents causing
the magnetic field are the inductance current in the d-axis idm and inductance current
in the q-axis iqm. Voltages resulting from the magnetic coupling of stator and rotor
are the pole wheel voltage in the q-axis UPq, the speed voltage in the q-axis USq and
the speed voltage in the d-axis USd. Inputs of the rotor subsystem are the currents
idm and iqm. As the rotor non-ideality of the core resistance is included in the stator
subsystem, the ideal proportional behaviour of the torque mel to the input currents can
be modelled. A suitable conceptualisation for this is a mathematical model, indicated by
themel = f(idm, iqm) block. The mathematical relation will be discussed in the course of
model formalisation. The input of the mechanical rotor subsystem is then the torquemel.
An output of this system is on one hand the angular position signal ϕm, which is routed
to the encoder subsystem. On the other hand the motor shaft velocity ωm, that the
stator subsystem is dependant on. The behaviour of the mechanical rotor subsystem
as well as additional inputs and outputs of this subsystem have to be investigated in
connection with the (mechanical) transmission elements.
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4.5 TRANSMISSION ELEMENTS
The decomposition of the overall system shows, that a classification of subsystems is
possible. This means, that the mechanical subsystem of the rotor, the transmission
elements and the cycloidal gearbox can be classified as mechanical systems and are
therefore representable with the same conceptual description. The system investigation
of the cycloidal gearbox will be regarded separately, due to its expected complexity. The
decomposed model of the mechanical elements can be derived as shown in fig. 4-9.
Input of the decomposed model is the torque mel from the magnetic rotor subsystem,
the outputs are the angular position and velocity ϕm and ωm of the motor’s shaft, as
well as the load shaft angle ϕl.
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mel Transmission
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Figure 4-9: Decomposed Model of the Mechanical Subsystem
In order to gain a conceptual model of the transmission elements, the investigation
has been carried out. The highest degree of idealisation for modelling these is given by
ideally stiff shafts without torsional elasticity, damping and mass moment of inertia. This
description is not able to simulate the dynamic behaviour of the system properly. Lower-
ing the degree of idealisation, the mechanical transmission elements are abstracted to
shafts, which have a mass moment of inertia but are ideally stiff. These show a time
dependant varying torque, but do not model changes in the momentarily angle. This
behaviour can be modelled by adding a torsional spring, so that a vibrating system can
be simulated. This is essential for modelling the dynamic behaviour of the mechanical
linkage and will therefore be considered. [4], [9], [58–61]
To maintain a moderate model complexity all physical elements on the input side are
reduced to one single transmission input element. The same is done for the output
side. This leads to a multi-mass oscillator, as shown in the conceptual model in fig.
4-10. The model assumes an invariable torsional spring constant of the transmission
input elements cT i and invariable torsional damping constant of the transmission in-
put elements dT i. Also assumed invariable are the torsional spring constant of the
transmission output elements cTo and torsional damping constant of the transmission
output elements dTo. The torsional damping behaviour is conceptualised as relative
damping. The mass moment of inertia of the transmission input elements JT i includes
all mechanical input parts and the motor, the mass moment of inertia of the transmission
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output elements JTo includes all relevant parts on the output side and the mass moment
of inertia of the torque motor Jtm.
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Figure 4-10: Conceptual Model of the Transmission Elements
4.6 CYCLOIDAL GEARBOX
The system analysis for the conceptualisation of the cycloidal gearbox aims in acquiring
a model, that is capable of showing the fundamental dynamic behaviour of the cycloidal
gearbox. A restriction in choosing an appropriate modelling approach is hereby given
by the parameters as a central challenge of the present work. The system has to
be modelled with parameters, that are either obtainable from the manufacturer or
identifiable with a limited effort. A decomposed model is therefore not directly derivable
from the fundamentals. This demonstrates that the system analysis on the cycloidal
gearbox has to be carried out carefully.
In the course of system analysis it was found that the range of publications on the over-
all dynamic behaviour of the cycloidal gearbox is very small. Publications mostly focus
on specific aspects of the gearbox’ behaviour. In the following modelling approaches
will be presented, described and the suitability validated afterwards. On this basis the
most promising modelling approaches will be conceptualised.
Behavioural description by the Manufacturer The very fundamental behaviour of
the cycloidal gearbox is obtainable from the manufacturer. Several graphs are given,
that can be considered as behavioural descriptions. The most important property of the
cycloidal gearbox’ behaviour as discussed by the manufacturer is the hysterical relation
of the torsion angle and the output torque (see fig. 4-11). Also a behavioural description
for the load-dependant gearbox efficiency is documented. [62]
The hysteresis curve is the result of static load tests, where the input shaft of the
gearbox is held fixed and the output shaft is loaded up to the rated torque. The resulting
curve can be used to achieve parameters that characterise the gearbox, especially the
(static) stiffness of the gearbox as the relation of the torsion angle to the applied load
Max Wittwer Powertrain Modelling Page 34
4 SYSTEM ANALYSIS
To
rs
io
n 
An
gl
e
Backlash
Lost Motion
Rated TorqueRated Torque
3% of Rated Torque+_
Figure 4-11: Schematic Representation of a Cycloidal Gearbox’ Hysteresis Curve
and the backlash of the gearbox. Another value, that is given by the manufacturer is
the lost motion, which is measured at ±3% of the rated torque. The lost motion is
introduced as an auxiliary value when calculating twist angles of the gearbox. The
twist angle has to account for the backlash, therefore the manufacturer proposes to
separate the hysteresis curve into two parts: one, which lies within the lost motion
region and one above. In dependency of the region, the twist angle can be calculated.
This black-box model can be regarded as a first approach to the static behaviour of the
cycloidal gearbox.
Geometrical design of the cycloidal gearbox The geometrical design of the cycloidal
teeth and cycloidal disc are often discussed. Analytical descriptions of the cycloidal
disc can be derived from the literature. An overview of the discussed topics can be
gained from BORISLAVOV et al. [63], CHEN [64] or LITVIN [65]. No relevant approaches
for modelling could be found.
Grey-box Model In contrast to the behavioural description given by the manufacturer,
a grey-box model for the cycloidal gearbox can be used. This approach with lumped
parameters reduces the cycloidal gearbox to an elastic system, which exhibits torsional
damping and torsional stiffness as well as backlash. The influence of the hysteresis
behaviour on the torsional stiffness and damping as a lumped parameter model is
investigated by KUMAR [66]. An investigation of the torsional stiffness of the cycloidal
gearbox, both analytically and with a FEA simulation, is performed by KUMAR in [67].
It can be stated, that the lumped stiffness of the cycloidal gearbox can be confirmed
to be linear even in a component-level FEA study, assuming perfect geometry. The
approach in modelling the damping is assumed as a viscous damping behaviour. A lost
motion analysis of a cycloidal reducer considering machining tolerances is published
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by TRAN et al. [68] in 2016. The authors confirm, that the integrated performance of
torsional stiffness and backlash or lost motion has not been studied yet. The paper
investigates the lost motion of a cycloid gearbox combining FEA and kinematic analyses.
KUMAR performed static tests on the gearbox resulting in a hysteresis curve and
successfully used them to identify the overall stiffness and overall damping of the
lumped parameter gearbox model. The damping behaviour of the cycloidal gearbox is
accessed experimentally by using the logarithmic decrement of a measured torsional
vibration resulting from a shock input [66]. PARK [69] finds in his dissertation, that the
torsional stiffness of the cycloidal gearbox is the most significant parameter for its
dynamic performance. He also states, that if the stiffness is identified carefully, the
assumption of the stiffness being linear can lead to a good dynamic model with the
lumped parameter approach. Because this grey-box model approach may lead to a good
similarity of the model behaviour and the real gearbox, the grey-box model approach will
be part of the conceptual model.
Equation of motion assuming geometrically ideal bodies Another focus of publi-
cations is the kinematic analysis of the cycloidal gearbox when assuming geometrically
ideal bodies, meaning backlash due to manufacturing errors is neglected. MALHOTRA
discusses the kinematic analysis considering types of friction with geometrically perfect
and rigid bodies [19]. In [70] a system of linear differential equations of motion for
elastic bodies is developed, but not regarding backlash or manufacturing errors. Also,
no validation is given. A mathematical model for the equation of motion, considering
contact stiffness is also presented by REN et al. [71]. GORLA [72] et al. and HSIEH [73]
present an analytical model of the dynamic behaviour of a pure rolling, geometrically
ideal, frictionless, rigid cycloidal gearbox. The presented approaches will not be used, as
the influential backlash behaviour is not considered. Also parameters for an analytical
description are not identifiable.
Gearbox Efficiency The power loss behaviour of the cycloidal gearbox is examined
as the gearbox efficiency in an extensive review of efficiency models by MIHAELIDIS
et alii. They show that published models for the gearbox efficiency highly differ. In the
course of deriving a more exact friction model, MIHAELIDIS et al. implement a new
elastrohydrodynamic lubrication approach, dividing the frictional losses in load-dependant
and load-independent losses. The resulting model indicates, that the highest power loss
appears due to sliding contacts. This explains why models assuming rolling only contact
cannot simulate the real cycloidal gear behaviour accurately. In contrast to earlier works,
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the fluctuation of the output torque is additionally modelled by contact stiffness variation
and time dependant change in the lubricant film thickness. The discussed approaches
for modelling the gearbox efficiency are complex and require parameters, that are not
identifiable with the restrictions made for this work. [74]
Torque fluctuation KAWAHARA et al. present a black-box model for an imperfect
cycloidal gearbox by modelling a speed transmission fluctuation at the output of the
gearbox [75]. SENSINGER is modelling the output torque fluctuation by considering
selected machining tolerances in a black-box model approach [76]. These approaches
for modelling the torque fluctuation appear not to be significant, as the influence of the
torque fluctuation on the overall behaviour was found to be negligible small.
FEA Simulations - overall dynamic behaviour Besides assuming a lumped param-
eter model for simulating the overall dynamic behaviour of the cycloidal gearbox, ap-
proaches have been made to use FEA simulations for accessing this behaviour. This
is presented by BLAGOJEVIC, who documents a kinematic simulation of a cycloidal
gearbox with multibody-contact in AUTODESK/INVENTOR and SOLIDWORKS, neglecting
non-idealities such as backlash and manufacturing errors. [77] FEA simulations can not
be considered, as no CAD data of the cycloidal gearbox is available.
Meshing behaviour and contact simulation A majority of publications on the simula-
tion of cycloidal gearboxes focuses on the meshing behaviour and the contact simulation
of the meshing process. The scientific research in the simulation of cycloid gearboxes
was reviewed by DO et al., paying regard also to contact deformation and forces [78].
MALHOTRA [19] presents a model for the meshing forces assuming geometrically per-
fect and rigid bodies. He also discusses possible sources of friction and develops a
mathematical model for the frictional loss, considering bearing friction of the input
shaft, of the housing rollers and the output rollers as well as rolling contact friction
between output rollers and disc holes and between housing rollers and the disc. He
then calculates the dynamic efficiency of the gearbox. The dynamic efficiency due to
the meshing has also been discussed by GORLA [72], SENSIGER [79], [76] and BLAGO-
JEVIC [80–82]. DEMENEGO et al., LAI and LIU et al. discuss analytical approaches of
the meshing behaviour [83–86]. MENG et al. additionally analyse the influence of the
meshing behaviour on the instantaneous gear ratio of the cycloidal gearbox [87]. These
approaches could be used for modelling the efficiency behaviour of the gearbox more
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accurately. But they rely on a number of parameters that are not derivable in this work
and are therefore not considered.
FEA Simulations - meshing behaviour with stress and deformation analysis As
part of the often examined meshing behaviour, focus is put on the stress and deformation
of the cycloidal gearbox and its parts. THUBE [88], CHMURAWA [89], HE and LU [90],
HSIEH [73] present a dynamic simulation and analysis of the cycloidal gearbox for
analysing the stress and deformation of the cycloidal disc. KIM et al., LIU et al., LI et al.
and XU et al. present an investigation of the meshing behaviour to derive the overall
dynamic stiffness of the cycloidal gearbox, assuming perfect geometry and partly stiff
components using a HERTZian contact stiffness model [91–94]. The meshing behaviour
is also discussed in PARK’s dissertation [69]. The simulation of meshing of involute
teeth, which can be transferred to cycloidal teeth, is presented as an elastic multibody
FEA simulation by EBRAHIMI et al. [95]. The torsional vibration of gearboxes in general
is discussed in the dissertation of HEIDER [96]. The presented approaches model the
dynamic damping behaviour of the gearbox with a more complex approach. As they rely
on parameters not identifiable in this work, these approaches will not be regarded.
It can be concluded, that there is a manageable number of publications on different
aspects of the dynamic behaviour of cycloidal gearboxes. Most of the discussed models
and investigations rely on a high number of parameters, which are not identifiable easily
or implement a FEA simulation approach. The Computer Aided Design (CAD) geometry
of gearbox parts necessary for these approaches are not supplied by the manufacturers.
Parameters, that can be obtained from the manufacturer or by experiments with a low
effort are information on the stiffness in form of a hysteresis curve, the overall stiffness
and damping of the gearbox and lost motion behaviour. The investigation shows that a
grey-box model with lumped parameters can be used for simulating the fundamental
dynamic behaviour of the cycloidal gearbox. This leads to the conceptual model as
shown in fig. 4-12. For the conceptual model the inertia of the gearbox as given by the
manufacturer is split into two inertias. One is on the input side whose value is the mass
moment of inertia of the cycloidal gearbox reduced on input side Jmc multiplied with a
weighting factor m. This corresponds to the input shaft of the cycloidal gearbox, which
has to be moved first to close the backlash gap. This backlash is shown with the char-
acterising backlash angle ϕb. When the backlash is cleared, the KELVIN-VOIGT-element
consisting of the torsional spring constant of the cycloidal gearbox cc and the viscous
damper with the torsional damping constant of the cycloidal gearbox dc has contact
with the input element of the gearbox. A transmission characterised by the gear ratio i
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transforms the movement. The output element of the model is the inertia Jmc multiplied
with a weighting factor n and the gear ratio i. The gear efficiency is conceptualised
as a frictional loss, with the describing parameter being the efficiency of the cycloidal
gearbox η. For the weighting factors the relationm+n = 1 has to be valid. This grey-box
model is not able to simulate meshing processes or to deliver a more detailed simulation
of the efficiency. Also the mass moment of inertia is idealised to be constant, which is
not given for the real gearbox, as the mass moment of inertia is dependant on the input
angle of the gearbox. The stiffness and damping behaviour of the gearbox is assumed
to be linear, which might be a suitable idealisation as the system analysis hints.
Figure 4-12: Conceptual Model of the Cycloidal Gearbox
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5.1 INTRODUCTION
On basis of the conceptual models developed using the methods of the system analysis,
these can now be transformed into formal models. This means, that the conceptual
description is translated into a mathematical or block diagram description which is
suitable for further implementation, but not yet executable. In the following, the
conceptual models will be formalised for every subsystem. [1]
5.2 SERVO INVERTER
In the system analysis the servo inverter was conceptualised as an ideal voltage source
with ideal switches. The switches are commanded by the control signal input. This
behaviour can be formalised when the demanded nominal voltages U∗d and U
∗
q are the
formal model input. The corresponding output are the voltages Ud and Uq which remain
unchanged by the servo inverter system. Therefore, the formal model does not require
the input of control signals. As the flow of energy within the servo inverter is not part of
the simulation task, the formal model of the servo inverter can be reduced to a block
diagram representation, as shown in fig. 5-1.
Ud*
Uq*
Ud
Uq
Figure 5-1: Formal Model of the Servo Inverter
5.3 CONTROL SYSTEM
On basis of the conceptual control system model, a formalisation as a block diagram de-
scription is possible (see fig. 5-2). The position controller is formalised as a Proportional
(P)-element with a delay for the ϕm signal and the same for a pilot control in ωm. The
velocity controller is formalised as a Proportional-Integral (PI)-element and a delay. The
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current controllers are formalised as PI-elements and delays for the q-axis and the d-axis
each. The computation delays are therefore formalised as transport delays. The formal
control system inputs and outputs are the same as for the conceptual model.
id,m
iq,m
P
P
+-
✁m*
✂m*
✁m,m✂m,m
+-
PI PI
+-
PI
id,m
id*
Delay
Delay
Ud*
Uq*
Delay
Delay
Delay
+
-
id
iq
imax
iq,m
Figure 5-2: Formal Model of the Control System
5.4 SERVO MOTOR
For the formalisation of the stator subsystem a mathematical description will be derived.
For this purpose, the electrical equivalent stator circuits of the d- and q-axis are shown
in the figures 5-3a and 5-3b.
Ud*
LdR
USd
id
Rc
idm
idc
~
K1
L1L2
a Equivalent Circuit of the Direct
Axis d
Uq*
LqR
~ UPq
iq
Rc
iqm
iqc
~ USq
b Equivalent Circuit of the
Quadrature Axis q
Figure 5-3: Equivalent Electrical Circuits for the dq-System [48]
The speed voltages in the d- and q-axis can be formalised as
USd = Zp · ωm · Lq · iqm , (1)
USq = Zp · ωm · Ld · idm . (2)
The pole wheel voltage in the q-axis UPq can be formalised as
UPq = ωm ·
2
3 KT , (3)
with the motor torque constant KT . According to KIRCHHOFF’s law, for the currents at
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knot K1 it can be written
idm = id − idc . (4)
Under use of the loop L1 of the circuit, it can also be expressed
idc =
−USd + Ld ·
didm
dt
Rc
. (5)
By inserting (5) into (4) and resorting it follows
id = idm +
−USd + Ld ·
didm
dt
Rc
. (6)
When using the outer loop L2 it can be stated
didm
dt
=
1
Ld
· [ +U∗d −R · id − USd ] . (7)
Inserting (6) into (7) and resorting results into
didm
dt
=
1
Ld
·
[
U∗d −R ·
(
idm +
USd + Ld
didm
dt
Rc
)
− USd
]
, (8)
didm
dt
=
Rc
Ld (Rc +R)
·
[
U∗d −R · idm + USd ·
R+Rc
Rc
]
, (9)
which delivers the Differential Equation (DE) in the field building current component idm
running through the d-axis inductance Ld in dependency of R, Rc, Ld, Ud
∗, UPd and USd.
With the speed voltage USd given in (1) it can be written
didm
dt
=
Rc
Ld (Rc +R)
·
[
U∗d −R · idm +
R+Rc
Rc
· (Zp ωm Lq iqm )
]
. (10)
The DE in iqm, the torque building current component, can be found analogous under
regard of the different algebraic signs of USq and UPq, as
diqm
dt
=
Rc
Lq (Rc +R)
·
[
U∗q −R · iqm −
R+Rc
Rc
·
(
Zp ωm Ld idm + ωm
2
3 KT
) ]
. (11)
The equations for id/q can be gained with aid of (6) and the corresponding analogon for
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the q-circuit as follows:
id = idm +
−Zp ωm Lq iqm + Ld ·
didm
dt
Rc
, (12)
iq = iqm +
+Zp ωm Ld idm + ωm
2
3 KT + Lq ·
diqm
dt
Rc
. (13)
The formalisation of the rotor’s coupling between electric, magnetic and mechanical
domains can be expressed as
mel = KT · iqm +
3
2 Zp (Ld − Lq) idm · iqm . (14)
The differentiation element of the encoder subsystem from the conceptual model will
be substituted by adding an additional input to the system, so that the angular velocity
signal ωm of the rotor is available to the servo motor system. The formal model of the
servo motor can be shown as presented in fig. (5-4).

♠
iqm
idm
mel
m,m
✂m,m
(10), (11),
(12), (13)
equations
Ud*
Uq*
equation
(14)
✂m
Figure 5-4: Formal Model of the Servo Motor
5.5 TRANSMISSION ELEMENTS
The formalisation of the conceptual mechanical transmission elements is done with a
scalar mathematical approach. The procedure is demonstrated exemplary on a module
of the transmission elements consisting of an inertia and a KELVIN-VOIGT element. The
damping behaviour is formalised as linear and viscous, where the damping force equals
Fd = dT · ϕ˙. [58], [97]
This description has the advantage of linearity in relation to the angular velocity. It
has to be pointed out, that the viscous damping is an idealisation of the real test rig.
In the real system, two damping processes characterise the overall damping. On one
hand this is the material damping of the mechanical elements and on the other hand
the friction damping of frictional connections, as flanges. Nevertheless, the viscous
Max Wittwer Powertrain Modelling Page 43
5 MODEL FORMALISATION
damping can be used for formalisation, as the torsional damping constant dT can be
determined experimentally and is able to model the damping behaviour with a good
approximation [60]. For gaining a mathematical description of the conceptual model, an
equilibrium of moments using the principle of virtual work according to D’ ALAMBERT
can be used (see fig. 5-5).
cTi
dTi
Jimi-1
✁i
Ji  ✁i ci (✁i- ✁i+1)
dTi (✁i - ✁i+1)
mi
Figure 5-5: Principle of Formalising the Transmission Elements
The equilibrium of moments leads to a DE in the angular position ϕi according to
0 = mi−1 − Ji · ϕ¨i − di · (ϕ˙i − ϕ˙i+1)− ci · (ϕi − ϕi+1) , (15)
ϕ¨i =
1
Ji
· [mi−1 − di · (ϕ˙i − ϕ˙i+1)− ci · (ϕi − ϕi+1)] . (16)
This differential equation for the ith element requests the angular variables of the
(i+ 1)th element and the (i− 1)th torque as an input. The transmitted torque mi as a
function of ϕi can be formalised as
mi = mi−1 + Ji · ϕ¨i . (17)
For the description based on DEs in ϕi, the formal model can be obtained as shown in
fig. 5-6.
i+1
i+1 (16), (17)
equations
mi-1
i
i
mi
Figure 5-6: The Formal Model of a Transmission Element Module
5.6 CYCLOIDAL GEARBOX
The approach in formalising the conceptual model of the cycloidal gearbox will also use
the equilibria of moments. The following elaborations refer to fig. 5-7 for exemplary
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nomenclature.
cc
dc
inJcm
i
2✁b ✂
mJcm
✁1 ✁2m2
✁3m3
✁3m4
mi-1 mi+1
~
✁1
Figure 5-7: Principle of Formalising the Cycloidal Gearbox
The mechanical input element of the system is the inertia m · Jmc , which exhibits the
input angle ϕ1. When the amount of the difference angle ϕ1 − ϕ˜1 is greater than the
backlash angle ϕb, torque is transmitted to the other mechanical elements of the gearbox.
Thus the KELVIN-VOIGT element is contacted. On the output side of this element the
angle ϕ2 and the torque m2 are present. The transmission with the gear ratio i takes
places, transforming ϕ2 and m2 to ϕ3 and m3. The inertia i · n · Jmc is accelerated or
decelerated, which leads to the output variables ϕ3 and m4 considering the loss of
torque by the gearbox efficiency η.
The inputs of the system are the torque mi−1 on the left side and the torque mi+1
on the right side. The output of the system depends on the subsequent mechanical
module, therefore no specific output is indicated in fig. 5-7. The behaviour of the input
inertia can be formalised as
ϕ¨1 =
1
m · Jmc
[mi−1 −m2] . (18)
The angle differences ϕ1 − ϕ˜1 and ϕ˜1 − ϕ2 can be substituted by the relative angle
ϕrel = ϕ1 − ϕ2. When the amount of ϕrel is greater than the backlash angle ϕb, the
rotational backlash has contact and torque is transferred by the spring and damper. The
torque is proportional to the relative angle ϕrel and the corresponding relative angular
velocity wrel. When there is no contact, the transmitted torque equals zero. Due to that,
the behaviour of the backlash and the KELVIN-VOIGT-element can be formalised to
m2 =


cc (ϕ1 − ϕ2 − ϕb) + dc (ϕ˙1 − ϕ˙2) , if ϕ1 − ϕ2 > ϕb
0 , if −ϕb ≤ ϕ1 − ϕ2 ≤ ϕb .
cc (ϕ1 − ϕ2 + ϕb) + dc (ϕ˙1 − ϕ˙2) , if ϕ1 − ϕ2 < −ϕb
(19)
The transmission element i transforms angular variables, such as ϕ2 and the torque m2
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in accordance with the gear ratio i into the angle ϕ3 and the torque m3, as given below.
ϕ3 =
1
i
· ϕ2 , (20)
m3 = i ·m2 . (21)
The equilibrium of moments for the last mechanical element of the system, the inertia
i · n · Jmc , can be written as
0 = −i · n · Jmc · ϕ¨3 −mfr +m3 . (22)
The frictional loss moment mfr accounts for the gearbox efficiency η. The formalisation
of the efficiency is based on the behavioural description supplied by the manufacturer,
where the efficiency η is a non-linear function of the transmitted torque m3. With this
modelling approach, the frictional loss can be formalised as
mfr = η(m3) ·m3 . (23)
For the DE in the angle ϕ3 it can therefore be written
ϕ¨3 =
1
i · n · Jmc
· [m3 −mfr −mi+1] . (24)
The resulting formal model is illustrated in fig. 4-10.
(18)
1
m2mi-1
2
m2
3
m3 mimi+1
mfr
(19) (20)(21) (24)
(23)
Figure 5-8: The Formal Model of the Cycloidal Gearbox as a Module
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6.1 INTRODUCTION
The implementation aims in transforming the formalised into executable models. Exe-
cutable means, that a system is achieved which is usable for simulation in a suitable
simulation environment. For this work the implementation will be carried out in MAT-
LAB/SIMULINK. MATLAB is a commercial software tool with the purpose of numerical
calculations. The additional toolbox SIMULINK is a graphical user interface, that puts
focus on the time-controlled solving of numerical problems. Linear and non-linear formal
models can be implemented in SIMULINK using mathematical or block diagram descrip-
tion. A model implemented in SIMULINK consists of function blocks (see fig. 6-1), which
are interconnected with input signal vectors ~u and output signal vectors ~y. The blocks
are characterized by a vector of states ~x and parameters p. When a model in SIMULINK
has been implemented and the simulation of the model is started, the parameters of all
function blocks are handed over to MATLAB, which compiles and solves the numerical
problem. [98] , [99]
u y
Figure 6-1: A Function Block in SIMULINK according to [99]
During the compilation carried out by MATLAB, the hierarchy of the function blocks of
the system is removed as far as possible. The blocks are then sorted by an algorithm to
achieve an executable order, considering the implemented initial values and parameters.
Due to the nature of the model algebraic loops can appear. For those, the time behaviour
~x, ~y is also dependant on the output ~y, making it necessary to use converging iterative
solving processes. When the execution order considering algebraic loops has been
determined, the solving process follows. This is done using numeric integration methods
with specific solvers on basis of a time increment tn. The solver is essential for the
accuracy and stability of the calculation process. In the first step of the execution phase
the output values ~y of the blocks are determined according to the execution order. For
every block the derivative vector as a function of tn, the input values ~u and the vector
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of states ~x is calculated. The derivative vector is handed over to the solver, which
calculates the new vector of states ~x for the next time step tn+1. [99]
The aim of the implementation in SIMULINK is therefore to achieve a simulation model
which consists of the beforehand defined formal models. This is done in this chapter.
The influence of the solver on the simulation will be discussed in the following chapter
7. As the successful implementation of the models requires parameters, it is an
iterative process. The implemented model is built with approximate values of the model
parameters and the simulation is carried out. The subsequent verification, as discussed
in the procedure of this work, then leads to the design of the test rig and more precise
values of the parameters become available. With these final parameters the simulation
experiments and verification are repeated. This last iteration step is the relevant result of
the implementation, therefore the parameters that are presented for the implemented
model in the following are the final values.
6.2 SERVO INVERTER
The subsystem of the servo inverter has no influence on the signal flow. Therefore, no
parameters are necessary. The input signals equal the output signals. The overview of
the overall system demonstrates the function of the servo inverter as shown in appendix
A.6.
6.3 CONTROL SYSTEM
The standard control parameters for the control system are saved in the encoder of the
servo motor and loaded by the drive system on initialisation. The parameters can then
be optimised to fit the dynamic behaviour of the overall test rig system with well known
criteria, as for example ZIEGLER-NICHOLS. For a first approximation, the standard control
parameters supplied by the manufacturer [100] shall be used. They are given in tab. 6.1.
The implemented model is shown in appendix A.6.
6.4 SERVO MOTOR
The implementation of the formal servo motor model is carried out in block-diagram
representation. The resulting implementation is shown in appendix A.6. The parameters
of the implemented servo motor model are given in tab. 6.2.
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Table 6.1: Implemented Parameters of the Control System
Parameter Value Unit Source
imax 54 A manufacturer [100]
K iP 5 VA
−1 manufacturer [100]
K iI 0.004 s manufacturer [100]
K
p
P 16.667 s
−1 manufacturer [100]
K vP 3 Nms rad
−1 manufacturer [100]
K vI 0.004 s manufacturer [100]
tdp 250× 10
−6 s manufacturer [101]
tdv 125× 10
−6 s manufacturer [101]
tdi 62.5× 10
−6 s manufacturer [101]
Table 6.2: Implemented Parameters of the Servo Motor
Parameter Value Unit Source
imax 49.3 A manufacturer [102]
Ld 1.8× 10
−3 H manufacturer [102]
Lq 2.1× 10
−3 H manufacturer [102]
Rd/q 0.53 Ω manufacturer [102]
Zp 6 - manufacturer [102]
KT 1.64 NmA
−1 manufacturer [102]
6.5 TRANSMISSION ELEMENTS
The torsional stiffness and inertia parameters of the transmission elements can be
obtained from the manufacturer for the couplings and torque sensors. The mass
moment of inertia of the servo motor and load torque motor are also given by the
manufacturer, but not the stiffness. Damping parameters can also not be gained from
the manufacturers. To obtain the searched stiffness parameters for custom made parts
and the motor shafts of servo and torque motor, a FEA simulation with the CAD data
is performed. Thereby a specific torque is applied on suitable planes, that correspond
to the real places of torque application. The resulting twist assuming linear-elastic
behaviour is then used for calculating the stiffness as the quotient of torque and twist.
In the appendix A.4 the parameters of the transmission elements are given, where the
indices Ji and ci refer to fig. A-1. As the position sensor is not exhibited to torque, this
torsional stiffness has not to be considered. With the stiffness and inertia parameters
of every element, the theoretical circular eigenfrequency can be calculated. It is then
possible to determine the element with the lowest occurring first natural eigenfrequency.
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This element will be used for calculating an approximate torsional damping constant dT ,
as DRESIG [58] proposes. The appendix A.5 lists all calculated eigenfrequencies for
the transmission elements. For the input elements, the shaft of the servo motor has
the lowest eigenfrequency, for the output elements it is the shaft of the torque motor.
DRESIG gives empirical values of the damping factor D for shafts, depending on the
diameter. Taking the fundamental eigenfrequency, the torsional stiffness of the two
elements and the recommended damping factors, the approximate damping constants
can be calculated as follows:
dm = 2 ·Dm ·
cm
ωm
= 2 · 0.005 ·
67 345Nmrad−1
3834 s−1
= 0.175 65Nms rad−1 , (25)
dte7 = 2 ·Dte7 ·
cte7
ωte7
= 2 · 0.01 ·
5 769 230Nmrad−1
1514 s−1
= 76.212Nms rad−1 . (26)
These damping constants will be the equivalent damping constants for the input and
output subsystem. With the stiffness and inertia parameters for all mechanical elements
of the test rig analysed in app. A.4, the equivalent values for input and output elements
are calculated.
The results are given in the table of the implemented transmission elements 6.3.
Table 6.3: Implemented Parameters of the Transmission Elements
Parameter Value Unit Source
JT i 5.3197× 10
−3 kgm2 app. A.4
JTo 3874.9× 10
−3 kgm2 app. A.4
cT i 15 056 Nmrad
−1 app. A.4
cTo 875 277 Nmrad
−1 app. A.4
dT i 0.175 65 Nms rad
−1 eqn. (25)
dTo 76.212 Nms rad
−1 eqn. (26)
6.6 CYCLOIDAL GEARBOX
The implemented model of the cycloidal gearbox is shown in the appendix A.6. The
parameters of the model are given in tab. 6.4.
The parameters for implementing the efficiency can be gained by linearising the variable
efficiency as supplied by the manufacturer. This is done in the point of nominal torque
and a saturation of the efficiency at a value of approx. 95% is implemented. This
value was found by the investigation to be reasonable. Only a qualitative description
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Table 6.4: Implemented Parameters of the Cycloidal Gearbox
Parameter Value Unit Source
Jmc 9.88× 10
−5 kgm2 manufacturer [62]
cc 10 106 978 Nmrad
−1 manufacturer [62]
η equation (27) - manufacturer [62]
ϕb 2.91× 10
−4 rad manufacturer [62]
dc 0.015 Nms rad
−1 [66], [103]
of efficiency is given by the manufacturer, so more complex approaches as fitting a
polynomial function are expected not to meet the real behaviour appropriately. For
this reason, a linear dependency of the efficiency from the transmitted torque will be
implemented as given in eqn. (27).
η(m) =


0.6784 +
0.000 192 86
Nm
·m if |m| ≤ 1408Nm
0.949 95 if |m| > 1408Nm
. (27)
The parameter for the backlash angle ϕb can be gained from the lost motion given by
the manufacturer. In the investigation it was found, that the backlash equals approx.
ϕb ≤
2
3 · lost motion [66], [88]. The implementation of the backlash is done with the
maximum backlash angle as
ϕb ≈
2
3
· 1′ = 2.91× 10−4 rad . (28)
The dynamic damping coefficient for the KELVIN-VOIGT-element has been discussed
by KUMAR in [66]. The gearbox which is used in the publication is one size smaller
than the presently used. KUMAR finds a damping coefficient of 0.012 89Nms rad−1
analytically and 0.018 62Nms rad−1 by experimental investigation. KOSSE [103] reports,
that the dynamic damping coefficient depends on the applied load. In his measure-
ments for the same build size KUMAR used, the damping coefficient varies between
0.016 46Nms rad−1 and 0.038 68Nms rad−1. He states, that the damping coefficient
decreases with increasing loads. A higher damping coefficient influences the amplitude
of an oscillating system, so it seems appropriate to use a lower value to be able covering
the dynamic behaviour of the system qualitatively better. Therefore an approximate
value of 0.015Nms rad−1 shall be used.
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7.1 INTRODUCTION
In the past chapters the initial system has been developed into an implemented system.
The process of modelling is therefore completed. It is now possible to use this system
for simulation. Part of this simulation is the verification, as introduced in chapter 1. The
verification aims in achieving a formally correct model. Furthermore suitable solvers are
discussed and a stability as well as a sensitivity analysis are performed. The process
of verification is iterative (see fig. 7-1), as the real test rig has not been designed yet.
Therefore, approximate values are used in a first approach. When the verification is
successful, the real test rig can be designed based on the findings from simulations.
The verification and system evaluation are then repeated with the final parameters.
verified
falsified
implemented
model
approx.
parameters
Design of
the Test Rig
final
parameters
Verification
end
System
Evaluation
Figure 7-1: Workflow of the Simulation for the present Work
7.2 SOLVER
The solving process in MATLAB/SIMULINK is based on time-domain calculations. This
procedure is therefore solving an initial-value problem, with the initial-conditions given
at the starting time, by integration with a solver-dependant method. Due to the limited
calculation accuracy, the numerical result will differ from the analytical result. It is
therefore important to discuss the solvers, that can be used for the simulation of the
present model. [60]
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The solvers usable in SIMULINK can be fundamentally classified as explicit and implicit
solvers, corresponding to the form of the mathematical problem which is to be solved.
Furthermore the solvers can be classified in terms of the step size h (see fig. 7-2). The
step size can be fixed or variable. Additionally, solvers are classified as one-step or
multi-step solvers. Let one assume, that a differential equation x˙ = f(x, t) has been
compiled and shall be solved.
h
ttn+1tntn-1tn-2tn-3...
xn-1
x
xn
xn-1=fn-1 
xn=fn
Figure 7-2: Nomenclature for Solvers [99]
One-step solvers use the calculated value of the last time step tn−1 for the solving pro-
cess, whereas the multi-step solvers use the i values of the last tn−i . . . tn−1 integration
steps. The calculation of the value fn of the current time step is done by the iterative
application of a specific solver algorithm. A selection of solvers, which might be suitable
for the present model are listed below. [99], [104]
• ode45 is an explicit, variable step size one-step solver using the RUNGE-KUTTA/
DORMAND-PRINCE-method with medium accuracy.
• ode15s is an implicit, variable step size multi-step solver using a modified back dif-
ferentiation formula method with a function order of 1 . . . 5 and medium accuracy.
• ode23s is an implicit, variable step size one-step solver using a modified ROSEN-
BROCK-method of 3rd order with low accuracy.
• ode23tb is an implicit, variable step size one step-solver with low accuracy using a
RUNGE-KUTTA-method.
A distinction of the solvers’ suitability is given, when regarding the mathematical stiff-
ness of the DEs. Explicit solvers are generally not suitable for stiff systems, as the step
size has to be chosen very low to solve the problem thus increasing the error of the
solving process. Implicit solvers are more suitable for stiff systems. The solver ode45 is
part of the pre-selection, as no formal proof for the mathematical stiffness of the model
has been derived. If the simulation with this solver fails, it can be assumed that a stiff
problem is present. The usage of the other listed solvers is then recommendable. [104],
[99], [58]
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To determine, which solver of the above can be used efficiently while solving stable
and with a good accuracy, the overall system is simulated1. The input for ϕ∗m is a step
signal with an amplitude of 100 and a constant input for ω∗m = 0. The maximum step
size hmax is defined by the minimal occurring time delay in the system. This is given in
the control system with tdi = hmax = 62.5 µs (see tab. 6.1). As a first estimation, the
step size limit for the solver hlim is set to 0.1 · hmax = 62.5× 10
−6 s. For every solver the
absolute tolerance atol is first hold constant at 1× 10−3, while the relative tolerance
reltol is reduced in steps of factor 10 starting from 1× 10−3. When no significant
change of the system response can be observed, this value of reltol is hold fixed and
the absolute tolerance is lowered in the same procedure. The following lists the results
of the iterative solver selection process:
• ode45 shows no stable behaviour; the system response does not converge for the
initial solver parameters. The solver will therefore not be regarded any further.
• ode15s with the maximum order set to 2 for absolute stability, the system response
for low tolerances is converging but qualitatively wrong. When tightening the
tolerances, the system response converges correctly and the solving process is
fast. Suitable values for the tolerances have been found to be reltol= 1× 10−6,
atol= 1× 10−7.
• ode23s yields in a correct system response for loose tolerances and is stable,
but shows qualitatively implausible oscillations in the system response. When
tightening the solver tolerances for increasing the simulation accuracy, the solving
process is comparably slower than ode15s. Suitable parameters are reltol=
1× 10−5, atol= 1× 10−6.
• ode23tb delivers a qualitatively wrong system response for loose tolerances and
shows a slow solving process. The solver will therefore not be regarded an further.
As a result it seems suitable to use the solver ode15s, because the solving process is the
fastest of the examined solvers and the accuracy of this solver is generally comparably
good [105]. The solver ode45 failed, so it can also be assumed that the present problem
is mathematically stiff. This result seems plausible, as one possible definition for the
numerical stiffness concerns the eigenfrequencies of the system. If the quotient of
the highest to the lowest eigenfrequency is high, it is probable to have a mathematical
stiff problem. The quotient of the cycloidal gearbox’ calculated eigenfrequency and the
eigenfrequency of the transmission output elements lead to a value of approx. 673,
which appears to be a high ratio. The usage of an implicit solver is therefore justified.
1For the simulation, the verified model was used after completion of the iterative verification process.
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[58]
An additional influence on the solving accuracy is given by the step size as demon-
strated in fig. 7-3a. When the step size is chosen to loose the total solving error is
dominated by the method error, what is the inaccuracy of the solving method. If it is
chosen to tight, rounding errors in the solving process have a high influence on the result
and lead to a high total error. Due to this behaviour a region of optimal step size hopt can
be found in which the total error becomes minimal.
step size h
so
lvi
ng
 e
rro
r
rounding error
method error
total error
hopt
a Influence of the step size h on the
solving error [60]
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b Influence of the Step Size h on the Relative
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Figure 7-3: Influence of the Step Size h
To determine, whether the beforehand chosen step size h0 = 0.1 · hmax lies within the
optimal region, a simulation of the implemented system is executed. The input signals
are ω∗m = ml = 0 and for ϕ
∗
m a step signal with an amplitude of 1 at t = 0.05 s. The step
size h of the solver is varied with values less equal then hmax. The system output ϕl at
t = 1 is a quasi-constant signal that can be used to compare the resulting amplitudes of
ϕl. The system output is not used for judging the total solving error, but the amount
of the relative error of the output signal. Therefore it can only be stated which value
for h is optimal in terms of solving accuracy. This analysis leads to the fig. 7-3b. The
abscissa shows the factor x which has been multiplied with hmax. Values for x are
[0.001, 0.05, 0.1, 0.125, 0.25, 0.5]. The ordinate shows the amount of relative error which
has been calculated in correlation to the resulting amplitude for x = 0.125. The chosen
step size h0 = 0.1 · hmax = 62.5× 10−6 s lies within the hopt region and can therefore be
used for further simulations.
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7.3 VERIFICATION
The verification aims in achieving a formally correct model. This is to ensure, that the
implemented model actually models what has been conceptualised and formalised [1].
For this purpose, the implemented model is examined in two phases. In the first phase,
the model is verified in terms of correct implementation of the formalised model in a
semantic and syntactic way. The syntax is verified by the compiler of SIMULINK, the
semantics have to be checked manually by comparing the formalised and implemented
models. In the second phase, the model is verified in terms of behaviour. It is not
possible to state that a model is free of errors, because only the presence (falsification) or
absence (verification) of errors for specific conditions can be examined. This examination
can be done qualitatively and quantitatively. After the semantic and syntactic verification
in the first phase, the model is tested qualitatively by verifying the plausibility of the
model’s behaviour. Also, if possible, the simulation results are compared with analytically
calculated results to verify the quantitative behaviour of the model. When a test leads
to the falsification of the model the cause of the error is examined, removed and the
verification is repeated. The process of verification is therefore iterative and helps in
decreasing uncertainties of the simulation. The following table 7.1 shows the tests
that are performed for verification. It references the section of the appendix, where
more detailed discussions of the verification tests are given and graphical results can be
found. [4]
Table 7.1: Performed Tests for Verification
No. Model Input Test Ref.
mechanical subsystem
I 2-mass-oscillator T i+ To step, mmaxin =10 plausibility A.7.1
II 2-mass-oscillator T i+ To step, mmaxin =10 analytic A.7.2
III complete, ϕb = 0, η = 1 min=sin(t) linearity A.7.3
IV complete, ϕb = 0, η = 1 step, mmaxin =10 plausibility A.7.4
V complete, ϕb = 0, η = 1 1-2-3-polynom, mmaxin =10 plausibility A.7.5
VI complete, ϕb 6= 0, η 6= 1 1-2-3-polynom, mmaxin =10 plausibility A.7.6
VII complete, ϕb 6= 0, η 6= 1 1-2-3-polynom, mmaxin =10 plausibility A.7.7
VIII complete, ϕb 6= 0, η 6= 1 1-2-3-polynom, mmaxin =10 plausibility A.7.8
servo motor
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No. Model Input Test Ref.
IX rotor step, imaxdm/qm=1 plausibility A.7.9
X rotor step, imaxdm/qm=1 analytic A.7.10
XI stator step, Umaxd/q =ω=1 plausibility A.7.11
XII stator step, Umaxd/q =ω=1 analytic A.7.12
control system
XIII control system + servo
motor, J, (td)i=0
step, ϕ∗,maxm =0.1, w∗m = 0 plausibility A.7.13
XIV control system + servo
motor, J, (td)i=0
step, ϕ∗,maxm =0.1, w∗m = 0 plausibility A.7.14
overall system
XV overall, ϕb 6=0, η 6=1 step, ϕ
∗,max
m =100, w∗m = 0 plausibility A.7.15
XVI overall, ϕb=0, η=1 3-4-5-polynom in ϕ
∗,max
m ,
2-3-4-polynom in w∗m
plausibility A.7.16
XVII overall, ϕb 6=0, η 6=1 3-4-5-polynom in ϕ
∗,max
m ,
2-3-4-polynom in w∗m
plausibility 7-4
For verifying the modular built elements of the mechanical subsystem, a minimal
model consisting of two inertias interconnected by a KELVIN-VOIGT element is used. This
minimal model represents the transmission input and output elements T i and To. The
step response is examined for plausibility in I. An analytic value for the amplitude of the
transmitted torqueMpot can be derived as proposed by DRESIG [58]. This analytic test
is performed in II. The complete mechanical subsystem consisting of the transmission
elements of input and output and the cycloidal gearbox is verified. The backlash angle ϕb
and the torque loss by efficiency η are non-linearities, therefore the examined models
are denoted with the respective assumption in table 7.1. Test number III and IV examine
the system without backlash and ideal efficiency, verifying the assumed linearity and
the plausibility of the output angle ϕl in dependency of the input step function. The
behaviour of the output transmission elements is examined in V with an 1-2-3-polynomial
in min as the input. The same input is remained for the test VI, where the plausibility
for the non-ideal system (ϕ 6= 0, η 6= 1) is examined. The torque loss behaviour of the
cycloidal gearbox is verified qualitatively in test VII. The test VIII examines the qualitative
behaviour of the backlash. The subsystem of the servo motor is split into the rotor and
stator subsystems, which are both verified qualitatively and quantitatively for special
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cases in the tests IX, X, XI and XII. The control system is tested on plausibility when
incorporating the servo motor subsystem and a single inertia J as the controlled system
in XIII and XIV. The tests for XIII have been carried out assuming no time delay in
the control system ((td)i = 0) and with time delay for XIV. A comparison of both can
also be found in XIV. Finally the overall model is tested on plausibility. This verification
is performed for the non-ideal mechanical subsystem with a step function in ϕ∗ as
the input in the test XV. Then the ideal mechanical subsystem is used for testing the
plausibility of the overall system with a 3-4-5-polynomial in ϕ∗ and a corresponding
2-3-4-polynomial in ω∗ as the system’s input for test XVI. The ultimate verification is
examining the qualitative behaviour of the overall system with backlash and torque loss
in XVII.
M
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m
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t [s]
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min = mel
a Angles ϕ∗
m
, ϕm and i · ϕl and electric torque
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Subsystem min
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M
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m
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mout=mkin,To
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b Electric torque mel equaling Input Torque
for Mechanical Subsystem min and Output
Torque of Mechanical Subsystem mout
Figure 7-4: Verification of the Overall System (XVII)
The fig. 7-4a shows the system behaviour concerning the input angle ϕm and output
angle multiplied by the gear ratio i · ϕl over time. The nominal input value ϕ
∗
m is also
shown. The torque mel applied to the mechanical subsystem by the servo motor is
shown in the lower half of the figure. Due to the backlash behaviour in the mechanical
subsystem ripple in the input torque results.
Fig. 7-4b shows the time behaviour of the torque mel and the kinetic torque of the
output transmission elements mkin,To. The backlash should cause torque oscillations
and peaks in the system due to changing contact of the backlash elements. This
expectation is met qualitatively.
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From the tests performed it can be concluded that the developed model shows the
expected qualitative behaviour. For special cases analytical solutions could be derived, so
that the quantitative behaviour was verified. Due to the intensively executed verification
of the system it can be expected, that this system is suitable for further evaluation.
7.4 SYSTEM EVALUATION
7.4.1 SENSITIVITY ANALYSIS
To understand how the parameters of the implemented system influence the behaviour,
the sensitivity analysis can be used. This becomes also important, because the pa-
rameters supplied by data sheets are mean values and show a fluctuation due to
manufacturing errors. In the following, the sensitivity analysis will be introduced briefly.
Due to this it is then possible to identify the most influential parameters. On this basis,
the need for further investigation by experiments will be discussed.
The sensitivity analysis according to the German standards [3], [1] and [106] is the
examination of the system behaviour, normally executed as a one-by-one-factor method,
to analyse the behaviour when changing system parameters. As the method indicates,
one parameter of the system is varied while the others are hold constant. The analysis of
this approach does not consider possible interrelations of the parameters. The sensitivity
analysis for this work is performed by using the Sensitivity Analysis Tool from the
Sensitivity Analysis toolbox in MATLAB. Therefore, a set of parameters is defined
which are to be varied. For every parameter a number of randomly generated values
within a defined interval around the nominal value is generated. The system is simulated
with the same input and every parameter combination, so that from the measured
system response linear regression functions can be generated. These regression
functions express the relationship between the output of the system and the examined
influence parameters. [107], [108]
In the first step, this system analysis is performed while neglecting the backlash
and idealising the efficiency of the gearbox. The system analysis is then performed
for the overall system, but focusing on the influence parameters of each subsystem
individually. Not part of the analysis is the control system, as the parameters of this
subsystem have to be tweaked with the real system. The inputs ϕ∗m and ω
∗
m are
chosen as follows. The input ϕ∗m is a 3-4-5-polynomial with the amplitude 10 for the first
analysis and 50 for a subsequent, while the nominal value of the angular velocity is the
corresponding derivative. For a third and fourth analysis, the input ϕ∗m is a step function
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with the amplitude 10 and 50 respectively, while ω∗m remains zero. The analyses are
then performed with the monitored system response set to the output angle ϕl. For
every examined parameter of the servo motor and mechanical subsystem a set of 25
randomly distributed values with a variation of ±10% of the nominal value is used. The
results are listed in tab. 7.2 and 7.3.
The mechanical influence parameters of the overall system neglecting backlash and
idealising the efficiency for the step function inputs and the 3-4-5-polynomial as inputs
are approximately equal. A dependency of the parameters from the system input
amplitude is negligibly low. The resulting correlations of the parameters with the system
response in a range of [−1 . . . 1] are therefore presented in table 7.2.
Table 7.2: Influence Parameters of the Mechanical Subsystem on the Overall System in
descending Order
Parameter Interval
JT i 0.990 . . . 0.993
cTo −0.199 . . .−0.220
cT i −0.161 . . .−0.201
cc 0.158 . . . 0.178
dT i 0.157 . . . 0.178
dTo −0.127 . . .−0.145
JTo −0.026 . . .+0.055
dc −0.012 . . .−0.056
Jc 0.007 . . . 0.024
The correlations of the influence parameters for the servo motor subsystem differ,
when a step function and the 3-4-5-polynomial are chosen as input signals. The resulting
correlations of the influence parameters in a range of [−1 . . . 1] are therefore presented
separately in table 7.3. The values on the left side of the interval correspond to the input
amplitude 10, the right side to the amplitude 50.
The sensitivity analysis shows, that the influence of the mechanical subsystem on the
overall behaviour is relatively independent from the type of input function in terms of jerk.
The most influential parameter with a correlation of 0.99 is the mass moment of inertia
of the transmission input elements JT i. It should therefore be considered to validate this
value with a good accuracy on the test rig. The next most influential parameters with
correlations of approximately 0.2 are the torsional stiffnesses of the transmission input
and output elements cT i and cTo. The torsional stiffness of the cycloidal gearbox cc has a
correlation of approx. 0.16. The influence of these parameters on the system behaviour
is therefore not very high, but still present. The values of the stiffness for custom made
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Table 7.3: Influence Parameters of the Servo Motor Subsystem on the Overall System
in descending Order
3-4-5-polynomial step function
Parameter Interval Interval
KT 0.992 . . . 0.991 +0.981 . . .−0.133
Rc 0.310 . . . 0.306 +0.318 . . .−0.197
Ld 0.125 . . . 0.113 +0.060 . . .−0.610
R −0.085 . . .−0.089 −0.039 . . .+0.205
Lq −0.021 . . .−0.008 0.079 . . . 0.804
Zp 0.012 . . . 0.02 0.052 . . . 0.082
parts have been determined by FEA, which can be expected to have a good accuracy.
The stiffness of the couplings and sensors have been taken from the manufacturer. For
validating the stiffness values, static test might be considered. The damping constants
of the transmission input and output elements dT i and dTo exhibit correlations of approx.
0.16 and 0.14. Decay experiments might be considered for validating these parameters,
as the influence is comparably low. The mass moment of inertia of the transmission
output elements JTo shows a correlation of 0.05. The usage of manufacturer values
as CAD data therefore seems sufficient. Finally, the two parameters with the lowest
correlation (0.04 respectively 0.01) are the damping constant dc and mass moment of
inertia Jc of the cycloidal gearbox.
The influence of the servo motor parameters on the overall system behaviour is
dependant on the form of the input signal, as the results in tab. 7.3 show. As the
transient behaviour of the servo motor depends on the input jerk, a separation of
jerk-afflicted and jerk-limited signals has to be made. Assuming, that the real test rig
will be using jerk-limited nominal values, the influence of the servo motor parameters
is approximately independent from the input signal amplitude. The most influential
parameter is the motor torque constant KT with a correlation of 0.99. The implemented
parameter was obtained from the manufacturer but underlies manufacturing fluctuations.
It should therefore be experimentally validated. The equivalent core resistance Rc
has the second highest influence with a correlation value of 0.31. The value used for
simulation was an estimated value. It should therefore be validated experimentally. Both,
KT and Rc could for example be estimated with methods of the system identification
(see e.g. [109], [110]). The other parameters Ld, R, Lq and Zp have a lower influence.
The inductance of the d-axis Ld has a correlation of approx. 0.12, the winding resistance
R a value of −0.09 and the inductance of the q-axis Lq a value of approx. −0.02. These
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parameters have been obtained from the manufacturer but underlie manufacturing
fluctuations. As their influence is comparably low, experimental validation might be
considered. The least influential parameter is the number of pole pairs Zp with a
correlation of approx. 0.01.
For examining the influence of the backlash behaviour, the one-by-one-factor -method
will be used. The output signal is again the output angle ϕl. The input signals are
the same 3-4-5-polynomial and step function as used in the preceding tests with an
amplitude of 50 each. As the results presented in fig. 7-5 demonstrate, the presence
of backlash in the system causes two qualitatively different behaviours. On one hand,
the system response shows a delay in dependency of the backlash angle. On the
other hand, the amplitude of the system response varies. The figure 7-5a shows the
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Figure 7-5: Sensitivity Analysis of the Backlash Angle ϕb
initial time delay of the overall system response for different backlash angle values.
To examine the qualitative influence of the backlash angle on the amplitude of the
system response, the fig. 7-5b is presented. Therefore the amplitudes of appendix
A.8 are referenced on the system response with ϕb = 0 and plotted against the value
of the backlash angle. For both, the jerk-limited 3-4-5-polynomial and the jerk-afflicted
step input, the qualitative courses of the amplitude error simile each other. For the
backlash angle it can be concluded, that the influence on the system response is of
non-linear nature. The time delay of the output similes a quadratic function, as well as
the influence on the output amplitude is quadratic. Both influences are degressing with
increasing backlash values. With ϕb,max as the maximum backlash angle value indicated
by the manufacturer, the influence within the interval ϕb = [ 0 . . . 1 · ϕb,max ] is high. This
means, that any error of the implemented value for the backlash parameter also has a
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quadratic influence on the system’s output. Therefore the backlash angle ϕb should be
investigated experimentally with sufficient effort for good simulation results.
7.4.2 STABILITY ANALYSIS
The parameters of the system underlie the already mentioned variations, as for example
due to manufacturing errors. Therefore it has to be analysed, whether the simulation
of the system is stable when the parameters are varied. Additionally, the stability is
evaluated when errors in the feedback signals iq,m, id,m, ϕm,m and ωm,m occur, as the
simulation model uses these signals without measurement errors. Finally, the stability
of the system when a load moment ml is applied as a step function will be analysed.
The analyses are performed for three sets of parameters. The first set of parameters
consists of the nominal values. For the second set, the parameters with a positive
influence on the system behaviour are set to 0.9 of the nominal value and the parameters
with a negative influence are set to 1.1 of the nominal value, so this set of parame-
ters minimises the system response. For the third set of parameters the contrary is
generated, so the system response in maximised. The input of the system for a first
analysis is a 3-4-5-polynomial in ϕ∗m and the corresponding 2-3-4-polynomial in ω
∗
m with
the amplitudes 1, 50 and 1000. For the second analysis the input is an impulse function
and a short-duration step with the same amplitudes 1, 50 and 1000 and a step duration
of 0.05 s. The stability analyses are then performed for the three sets of parameters and
the six different input conditions.
For the stability analysis of the feedback variables, a positive step function and a
negative step function with a duration of 0.05 s each at different points of time are
applied. During the step, the feedback signals are changed by ±10% of the nominal
value. The stability analysis of the additional load moment ml is performed by applying a
step function with an amplitude of 5 during simulation. The stability is analysed for the
system responses ϕl andMkin,To. For all of the test performed the simulation can be
solved and the output signal is stable.
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8 DESIGN OF THE TEST RIG
8.1 SELECTION OF THE COMPONENTS
MOTORS AND GEARBOX
As specified in the list of requirements (app. A.1), the torque motor has to apply a
load of minimum 1000Nm. The motor shall also be self-cooled and the manufacturer
be BOSCH. These specifications are only met by one torque motor (see [111]), this is
the motor MST530C-0010-S with the data sheet given in appendix A.2. The maximum
torque of the torque motor T tmax is 2700Nm with a rated torque of 580Nm and a rated
speed of 100min−1.
In the next step, cycloidal gearboxes are selected from the requested series RV-E
of the manufacturer Nabtesco [62]. Suitable gearboxes are listed below in tab. 8.1.
The parameters which are regarded to be important for the selection process are the
allowable rotational speed of the cycloidal gearbox ncmax on the output side, the rated
torque of the cycloidal gearbox T cN on the output side, the minimum available gear
ratio imin and the allowable acceleration torque Tacc on the output side.
Table 8.1: Pre-selection of possible Cycloidal Gearboxes of the Series RV-E
model ncmax T
c
N imin Tacc
RV-80E 60min−1 784Nm 57 1960Nm
RV-110E 40min−1 1078Nm 81 2695Nm
RV-160E 30min−1 1568Nm 81 3920Nm
It appears, that the model RV-80E might be unsuitable because the allowable accelera-
tion torque is smaller than the achievable maximum torque of the torque motor. This
would cause a restriction in the applicable load torque of the test rig. The characteristics
of the both remaining models, RV-110E and RV-160E, are now transformed to the input
side (tab. 8.2) with aid of imin.
These parameters can be taken as an indication for selecting a suitable servo motor.
A request for the servo motor of the rest rig is to use the series MSK of BOSCH with
natural convection as the motor’s cooling. With the characteristics of usable gearboxes
from list 8.2, a pre-selection of servo motors results to list 8.3. The parameters which
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Table 8.2: Parameters of the model RV-110E and RV-160E transformed to the input side
model imin · n
c
max
1
imin
· T cN
1
imin
· Tacc
RV-110E 4050min−1 13.31Nm 33.27Nm
RV-160E 3645min−1 19.36Nm 48.40Nm
are chosen for pre-selection are the rated torque of the servo motor TmN , the maximum
torque of the servo motor Tmmax, the allowable rotational speed of the servo motor n
m
max
and the mass moment of inertia of the servo motor Jm. An important criteria for the final
Table 8.3: Parameters of the model RV-110E and RV-160E transformed to the input side
model TmN T
m
max n
m
max Jm
MSK-070C-0300NN 13.0Nm 33.0Nm 5500min−1 0.002 91 kgm2
MSK-070D-0300NN 17.5Nm 52.5Nm 4900min−1 0.003 75 kgm2
selection of the servo motor is not only the range of achievable torque and rotational
speed, but also the so-called mass inertia ratio k, which is defined as
k =
Jext
Jm
. (29)
Here Jext is the mass moment of inertia of all components that are driven by the servo
motor, reduced on the input shaft. As a first approximation shows, the mass moment
of inertia that is to be driven by the servo motor is comparably high. The final value
of Jext at the end of the iterative selection process can be calculated from tab. A.2 to
0.048 578 kgm2. The mass inertia ratio k should be lower than 10, to maintain a good
controllability [112]. Therefore, a servo motor with a higher mass moment than the
previous motors has to be found, as the motors MSK-070C and MSK-070D would lead
to k=16.7 and k=13.0. The next bigger size is the MSK-070E with a value of k=10.6,
which might be an acceptable value. Alternatively, the gear ratio of the cycloidal drive
can be increased to i=111, thus lowering the reduced mass moment of inertia and
leading to k=7.8 for MSK-070E. The data sheet of the selected servo motor MSK-070E
can be found in the appendix A.3. With this approach to the selection process, the final
components of the test rig are:
• Servo Motor: MSK070E-0300-NN
• Cycloidal Gearbox: RV-110E or RV-160E with i = 81 or 111
• Torque Motor: MST530C-0010-S
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To make the test rig more flexible in terms of usable gearboxes, the mounting of the
gearbox should be adaptable to both build sizes RV-110E and RV-160E. The servo motor
and torque motor can be used with both sizes and both gear ratios i = 81 and 111.
SENSORS AND COUPLINGS
In order to measure the system’s dynamic behaviour, especially the behaviour of the
cycloidal gearbox, a selection of sensors has to be made. To determine the state of the
mechanical subsystem, the potential and kinetic energy can be used. Therefore, one
torque sensor each is used for measuring the torque transmitted at the input and the
output of the cycloidal gearbox. The measured torque is the sum of kinetic and potential
torque. Therefore, two encoders will measure the angular position and velocity of the
input and output transmission elements. One of these encoders is already built into the
servo motor. One additional sensor has therefore to be selected on the torque motor
side. With the measured angular position and speed, the kinetic and potential torque
become accessible separately. The maximum allowable torque of the transmission
input elements is given by min(Tmmax, T
c
max). For the model size 110 the value results
to 33.27Nm and for the size 160 to 48.40Nm. The measuring range should therefore
reach approx. 50Nm. The manufacturer Manner, which has been requested in the list
of requirements, offers the torque sensor Standard-Drehmomentenflansch 50Nm which
has a suitable measuring range [113]. An accuracy class of 0.3% should suffice. For
the torque sensor on the output transmission elements side the measuring range is
nominally defined by min
(
T tmax, T
c
max
)
, where T tmax equals 2700Nm. The maximum
torque of the torque motor is lower than the maximum allowable torque of the cycloidal
gearbox for both sizes. The measuring range of the torque sensor on the output side
should therefore reach up to approx. 3000Nm nominally. To ensure, that the maximum
occurring torque due to stepwise applied load or backlash contact does not exceed the
allowable torque of the sensor, a simulation is performed with an input of ϕ∗m = 10 as
a 3-4-5-polynomial and the corresponding polynomial in ω∗m. The rise phase lasts for
0.25 s after which the nominal angular displacement remains 10. At 0.5 s a step in the
load torque from zero to T tmax is applied. The resulting oscillation in the transmitted
torque at the output of the cycloidal gearbox serves as an approximate value of the
maximum occurring torque. It results, that the torque peak is 1.95 times higher than
the nominal signal, with an absolute value of 5269Nm. Kistlers torque sensors of the
series 4550 have a torque limit twice as high as the nominal torque. A selection of the
nominal measuring range 3000Nm therefore seems acceptable. The series 4550 has
an accuracy class of 0.05%. [114]
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The encoder on the output side should be able to map occurring oscillations to correctly
measure the system behaviour. To judge the necessary encoder accuracy, the simulation
performed for determining the torque measurement range can be analysed. The
oscillation amplitude in ϕl caused by the torque step initially amounts to 0.355° and
after ten oscillations decreases to 0.0115°. Let one assume, that 20 different amplitude
levels for the last mentioned oscillation shall lie within the encoders accuracy. Then
the necessary accuracy is approx. 6× 10−4°. If the load moment ml is now set to zero
and the nominal input values are a 3-4-5-polynomial in ϕ∗m and a 2-3-4-polynomial in
ω∗m with the same amplitude and phase times, the same procedure of determining the
requested accuracy leads to a value of approx. 1× 10−7°. This shows, that the accuracy
of the encoder on the output side plays an important role. Therefore, Haidenhains
most precise, suitable encoder RCN8510 is chosen, which has an accuracy of 1′′ =
2.8× 10−4°.
At the input and output side of the cycloidal gearbox couplings are intended. On the
input side the multi-disc clutch KTR Radex NN25 with a nominal transmittable torque of
30Nm and a maximum transmittable torque of 60Nm will be used. On the output side
the multi-disc clutch Mayr ROBA-DS 300 will be used, which has a nominal torque of
3500Nm and a maximum transmittable torque of 5250Nm.
8.2 CONSTRUCTIVE DRAFT
With these purchase parts specified, the constructive draft can be approached. The
result is shown in app. A.10 and selected details will be discussed in this section. A bill
of materials is given in app. A.9.
Starting from the servo motor, the test rig consists of the following. The servo motor
(1) is fixed by a flange (2) on the base plate with four screws (42). The transmission
of torque happens by traction with the screw (37) to the Adapter (3). The adapter is
fixed to the torque sensor (4), measuring the input torque. The Adapter (5) transmits the
torque with traction to the coupling (6). The shaft (7) is connected to the input spline
(8) of the gearbox (9) with traction by the screw (41). To account for more flexibility
in terms of building sizes of the gearbox, the size 110E is fixed in between the upper
part of gearbox casing (12) and the lower part (13) with a Z-bushing (11). The size 160E
would fit exactly in the casing (12). The right face side of the gearbox (9) is covered by
the casing cover (10). An O-ring (15) and a rotary shaft seal (14) act as sealings. On
the left face side the output adapter (16) transmits the output torque of the gearbox (9)
to the adapter (17) with traction. The adapter (17) is fixed to the coupling (18), which
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transmits the output torque to the torque sensor (19). The transducer (20) of the sensor
is fixed by screws to the base plate (52), where the axial adjustability of the transducer
position is given by a parallel guidance of the feather key (21). The torque sensor (19)
is transmitting the torque to the torque motor shaft (23) via the Adapter (22), which is
fixed to the torque sensor (19) by screws (47) and to the shaft with screws (43). The
rotor of the encoder (25) is fixed on the shaft (23) with a ring nut (24). The stator of
the encoder (25) is held by screws (45) on the adapter (27). Two angular ball bearings
(28) support the shaft (23). Two labyrinth sealings (26) are included. The right bearing
seat is the endplate (28), screwed into the Flange (30), which is fixed on the baseplate.
The endplate (28) is also fixed in the casing of the torque motor (31). On the left side,
the bearing seat is the left endplate (53). The stator (32) of the torque motor is held
fixed by the clamping plate (54). The clamping plate is fixed to the casing (31) by screws
(49) and fixed to the stator (32) by screws (51) also. The rotor (33) is connected to the
shaft (23) by screws (50) on one side. The left side of the endplate (53) lies on the
casing pillar (36), on which it is fixed additionally with screws (47) to prevent deflection
of the construction. The bearing is designed as a support bearing in x-arrangement. To
reduce gaps, two adjusting washers (34, 35) are included at the stops on the shaft. The
initial gap between the desired position of the bearing and the stop is measured and
the washers manufactured exactly to the gap value. Therefore, the bearings exhibit
reduced play on the shaft. When the shaft expands axially due to heat, both bearings
are carrying, increasing the tilt stiffness. At the same time, thermal expansion of the
casing is possible.
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In the present work a simulation model for examining the fundamental dynamic be-
haviour of a servo driven powertrain incorporating a cycloidal gearbox was developed.
On basis of this model the selection of components for the design of a test rig was
possible. This lead to the constructive draft of the test rig.
In order to model the system the fundamentals gave a brief overview of the compo-
nents incorporated in the test rig system. With help of the specified task the simulation
purpose was defined and the modelling process enabled. The system analysis was per-
formed intensively to decompose the system into subsystems, which were investigated
to find the optimal modelling approach for the given simulation task. Particular emphasis
was put on the investigation of the cycloidal gearbox subsystem and it showed that
approaches for modelling the dynamic behaviour of the gearbox as a whole have only
been published partially. Therefore, the available modelling approaches were analysed
and suitable models were developed conceptually. Those were then formalised and
implemented in MATLAB/SIMULINK. To make optimal use of the model, the selection of
solvers in MATLAB/SIMULINK was focused. Together with an intensive model verification
and stability analysis the simulation model was evaluated. Simulation experiments were
performed that helped in the selection of suitable test rig components. On basis of a
flexible test rig, finally the constructive draft was presented.
For future works, the test rig and the verified model can be used to validate the system.
In the system evaluation propositions have been made which parameters should be
investigated to obtain more precise values. These investigations can be carried out
with the test rig. When the model is validated more focus can be put on the dynamic
behaviour of the cycloidal gearbox as a part of the powertrain. It will then be possible to
validate, whether the developed grey-box model for the cycloidal gearbox can model the
real gearbox behaviour appropriately or if the complexity of this subsystem has to be
increased. For this, a detailed overview of non-idealities that are present in the cycloidal
gearbox system have been presented in the system analysis. Those results can be used
for future model refinements.
Sign
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THESES
1. The dynamic behaviour of a powertrain consisting of servo motor, cycloidal gearbox
and torque motor can be modelled.
2. Necessary model parameters can be obtained from the manufacturer or be identi-
fied experimentally.
3. The methods of the system analysis lead to suitable subsystem models.
4. The cycloidal gearbox can be modelled with a lumped parameter grey-box model
approach.
5. MATLAB/SIMULINK is a suitable simulation tool.
6. The step size of the solver limits implementable time delays of the model.
7. The verified model is suitable for simulation experiments.
8. The sensitivity analysis can be used as an indicator for the parameters’ influence
on the model.
Sign
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A APPENDIX
A.1 LIST OF REQUIREMENTS
The list of requirement is shown in tab. A.1. The used abbreviations are RW - Request /
Wish , FR - Fixed Request,WA - Wish Category A
Table A.1: List of Requirements
No. RW Description Source
1.1 FR Manufacturer of torque motor: Bosch Pellicciari
1.2 FR Manufacturer of servo motor: Bosch Pellicciari
1.3 FR Applicable load ≈ 1000Nm Pellicciari
1.4 WA Cooling of torque motor: natural convection Pellicciari
1.5 WA Cooling of servo motor: natural convection Pellicciari
1.6 FR Rotor of torque motor as solid shaft Pellicciari
1.7 WA Rotor of torque motor bilateral mounted Pellicciari
1.8 WA Contact-free sealing of the torque motor Pellicciari
1.9 FR Manufacturer of bearing for torque motor:
NSK
Pellicciari
1.10 FR Manufacturer of cycloidal gearbox:
Nabtesco
Pellicciari
1.11 FR Series of gearbox: RV-E Pellicciari
1.12 WA Mounting of cycloidal gearbox adaptable to
numerous building sizes
Pellicciari
1.13 FR Usage of radial-, axial- and angular compen-
sating coupling
Wittwer
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A.2 DATA SHEET MST530C-0010-S
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A.4 INERTIA AND STIFFNESS PARAMETERS OF THE
TRANSMISSION ELEMENTS
Table A.2: Parameters of the Transmission Elements
parameter value source
input elements
Jm 0.004 58 kgm
2 manufacturer [102]
cm 67 345Nmrad
−1 FEA
Jte1 6.864× 10
−5 kgm2 FEA
cte1 1 025 992Nmrad
−1 FEA
JTs1 2.8× 10
−4 kgm2 manufacturer [113]
cTs1 2 291 831Nmrad
−1 manufacturer [113]
Jte2 8.737× 10
−5 kgm2 FEA
cte2 127 229Nmrad
−1 FEA
Jce1 2.8× 10
−4 kgm2 manufacturer [115]
cce1 30 000Nmrad
−1 manufacturer [115]
Jte3 2.373× 10
−5 kgm2 FEA
cte3 111 015Nmrad
−1 FEA
output elements
Jte4 0.016 038 kgm
2 FEA
cte4 321 195 465Nmrad
−1FEA
Jte5 0.010 817 kgm
2 FEA
cte5 12 347 609Nmrad
−1 FEA
Jce2 0.050 46 kgm
2 manufacturer [116]
cce2 1 740 000Nmrad
−1 manufacturer [116]
JTs2 0.0124 kgm
2 manufacturer [114]
cTs2 3 277 000Nmrad
−1 manufacturer [114]
Jte6 0.015 159 kgm
2 FEA
cte6 192 618 223Nmrad
−1FEA
Jte7 2.5168 kgm
2 FEA
cte7 5 769 230Nmrad
−1 FEA
JPs 3.2× 10
−3 kgm2 manufacturer [117]
Jl 1.25 kgm
2 manufacturer [111]
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m te1 Ts1 te2 ce1 te3
gearbox te4 te5 ce2 Ts2 te6 te7
l
Ps
Figure A-1: Nomenclature of the Mechanical Elements of the Test Rig
The equivalent input and output parameters for inertia and stiffness can be calculated
by the following equations
J =
∑
i
Ji , (30)
c =
1∑
i
1
ci
. (31)
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A.5 EIGENFREQUENCIES OF THE TRANSMISSION ELEMENTS
The table A.3 lists the calculated fundamental eigenfrequencies of the transmission
elements. These have been calculated with the equation (32) as documented in [58].
ωi =
√
ci
Ji
. (32)
Table A.3: Parameters of the Servo Motor
element eigenfrequency ωi
m 3834 s−1
te1 122 250 s−1
Ts1 90 472 s−1
te2 38 160 s−1
ce1 10 351 s−1
te3 68 398 s−1
te4 141 517 s−1
te5 33 786 s−1
ce2 5872 s−1
Ts2 16 257 s−1
te6 112 723 s−1
te7 1514 s−1
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A.6 IMPLEMENTED SYSTEM
The following figures show the implemented system in MATLAB/SIMULINK. In figure A-2,
the overall system is shown. It consists of the creation of nominal values according to a
chosen motion law in for the system input. The other input of the system is the load
moment, which is set to 0 in this example. The content of the control system is shown
in fig. A-5, with the velocity controller subsystem in fig. A-8 and the current controllers
in fig. A-6 respectively fig. A-7. Because the formalised model of the servo inverter does
not interact with the signal, the output signal of the block servo inverter equals the input
signal. Therefore the input of the block servo motor is the output of the control system.
The implementation of the stator subsystem is shown in fig. A-3, the subsystem rotor
in fig. A-4. The output of the system is the torque mel, which acts as the input for the
Mechanical Subsystem. This consists of the transmission input elements, the cycloidal
gearbox and the transmission output elements. The transmission input elements are
implemented as the block J1_c1/d1 and shown in fig A-9. The cycloidal gearbox is
split into subsystems, which implement the overall behaviour. Therefore the total mass
moment of inertia of the cycloidal gearbox Jc deflected on the input side is split into two
valuesm ·Jc and i ·n ·Jc. This is because in the real gearbox system the input shaft needs
to be accelerated in order for the imperfect teeth to come into contact, represented
by the backlash angle ϕb. Due to this, the input element of the gearbox is the inertia
c1/b1_Jc*m, shown in fig. A-10. The next block backlash + c_c/b_c implements the
backlash behaviour, the contact stiffness and damping, shown in fig. A-11. The gear
ratio causing a transmission of moment and angular variables is implemented in the
two blocks transmission 1 –> i and transmission 1 <– i, shown in fig. A-13 and A-14.
The last block of the implemented gearbox is Jc*n_c4/b4+torqueloss, implementing
the mayor part of the gearbox inertia on the load side, therefore multiplied by i and the
torque loss behaviour due to changing efficiency. The subsystem is shown in fig. A-15.
The mechanical transmission elements of the output c4/b4_J4 are shown in fig. A-16.
The parameters of the implemented system can be accessed and changed in MAT-
LAB/SIMULINK by opening “File - Model Properties - Model Properties”, then clicking
on the tab “Callbacks” and opening “InitFcn*”. The list A.4 shows the implemented
parameters.
The inital values for all integrators are set to zero.
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Table A.4: Parameters of the Implemented System
% == CONTROL SYSTEM==
% Constants of the controllers
K_ff = 1.00;
K_Pp = 16.667;
K_Pv = 3;
K_Iv = 0.004;
K_Pi = 5;
K_Ii = 0.004;
i_maxc = 49.3;
% Delay times
t_dp = 0.000250;
t_dv = 0.000125;
t_di = 0.0000625;
% == SERVO MOTOR ==
L_q = 0.0021;
L_d = 0.0018;
R_C = 60;
R = 0.53;
K_T = 1.64;
Z_p = 6;
% == MECHANICAL SUBSYSTEM ==
% Transmission Elements input
J_1 = 0.0053197;
d_1 = 0.17565;
c_1 = 15056;
% Cycloidal Gearbox
J_c = 0.0000988;
m = 0.1;
n = 0.9*i;
c_c = 1010698;
d_c = 0.015;
phi_b = 0.000291;
i=81;
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% Transmission Elements output
J_4 = 3.8749;
d_4 = 76.212;
c_4 = 875277;
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Figure A-2: Overview of the Implemented System in MATLAB/SIMULINK
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Figure A-3: Implemented Stator Subsystem
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Figure A-4: Implemented Rotor Subsystem
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Proportional Term
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Figure A-6: Implemented Current Controller Subsystem, d-Component
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Figure A-7: Implemented Current Controller Subsystem, q-Component
Max Wittwer Powertrain Modelling Page 105
A APPENDIX
Proportional Term
Integral Term
1
i_q *
1
e_wm
K_Pv
K_P
1
s
Continuous
Integrator
K_Iv
K_I
Figure A-8: Implemented Velocity Controller Subsystem
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Figure A-9: Implemented Mechanical Transmission Input Elements
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Figure A-11: Implemented Backlash Behaviour of the Cycloidal Gearbox Subsystem
with Contact Stiffness and Damping
Figure A-12: Implemented Function for Generating the Output Torque of the Cycloidal
Gearbox
1
M_in i 1
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Figure A-13: Implemented Transmission Behaviour of the Cycloidal Gearbox
i
2
phi_in
1
w_in
2
phi_out
1
w_out
Figure A-14: Implemented Transmission Behaviour of the Cycloidal Gearbox
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A.7 VERIFICATION
A.7.1 I
The test is performed with a two-mass-oscillator for tei and teo. The input of the minimal
mechanical system is a step in min with a height of 10 at 0.1. The outputs are the
kinetic momentsMkinmin1/2 of the two inertias and the potential moment of the spring.
The damping has been set to be zero. The system response is shown in fig. A-17.
Figure A-17: Plot of system response for Test I
A.7.2 II
For analytically verifying the system response of the two-mass-oscillator, the equation
for the kinetostatic moment as given by DRESIG [97] can be used. With the system
parameters chosen to be J1 = 0.03, J2 = 0.005 and the input step signal having a height
of min = 10, the momentMpot can be calculated as:
Mpot =
J2 ·Min
J1 + J2
= 1.42857 (33)
The numerical result is 1.429 as demonstrated in fig. A-18.
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Figure A-18: Plot of system response for Test II
A.7.3 III
The linearity of the complete mechanical system without backlash and torqueloss can
be verified as expected. The input min of the mechanical system is a sine function with
the amplitude being variable. The output is the kinetical momentMkin4. This moment is
the measured for varying sine amplitude 2 and 3.456. The signals for the both factors
are then divided by the output signal for factor 1 and plotted, proving the linearity of the
system. The simulation result is shown in fig. A-19.
Figure A-19: Plot of system response for Test III
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A.7.4 IV
For this test the backlash and torque loss are deactivated, as well as the gear ratio is set
to 1. The input of the mechanical system is a step in min. The plotted outputs are the
angular displacement of ϕm and ϕl. As the input signal is a constant for the stationary
condition of the system, the angular displacements should follow a quadratic function,
as ϕ ∼
∫ ∫
m dt. This expectation is verified as shown in fig. A-20. Furthermore, the
Figure A-20: Plot of system response for Test IV
qualitative behaviour of ϕm and ϕl for the transient response can be verified as shown
in fig. A-21 . The step in the input moment causes oscillation of ϕm, which settles
with proceeding time, as ddtmin = 0 and damping is active. The cycloidal gearbox and
output transmission elements show higher damping factors as the input transmission
elements, so that the oscillation of ϕl should be significantly lower. This expectation is
met.
Max Wittwer Powertrain Modelling Page 114
A APPENDIX
Figure A-21: Plot of system response for Test IV
A.7.5 V
The same system is now simulated with a 1-2-3-polynomial in min as the system input.
The amplitude of the input signal is 10. From 0 to 0.5 seconds the polynomial is positive,
from 0.5 to 1 the signal is 0 and from 1 to 1.5 the signal is negative. The output signals
ϕm and ϕl are plotted in the hold-phase from 0.5 to 1 seconds and verified for plausibility.
Due to the systems stiffness, the angular displacement of the inputm should be running
at higher speed than the angular displacement of the load l. This expectation is met and
shown in fig.
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Figure A-22: Plot of system response for Test V
A.7.6 VI
The overall mechanical system is now verified taking the backlash angle ϕb and efficiency
η into consideration. The input signal is the same as in V. The behaviour of the cycloidal
gearbox is examined in more detail. Outputs of the simulation are the relative angle ϕrel,
which is the difference angle of the input from the cycloidal gear and the output ϕout2 of
the cycloidal gearbox. The output moment for the gear ratio i = 1 is also plotted. The
results are shown in fig. A-23.
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Figure A-23: Plot of system response for Test VI
A.7.7 VII
The same system is now examined for the behaviour of the torqueloss by gearbox
efficiency. Therefore the kinetical moment of the output inertia is plotted (blue line)
against the input moment of the system (red line). The efficiency for this simulation
should be approx. 0.64, leading to a torqueloss proportional to the input torque. This is
verified and shown in fig. A-24.
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Figure A-24: Plot of system response for Test VII
A.7.8 VIII
The behaviour of the backlash angle ϕb is now examined more detailed. Therefore
the backlash angle is 0 (red line), 0.001 (blue) and 0.01 (green). The kinetic moment of
the input elements is plotted as the output. If the behaviour is captured qualitatively
correctly, the kinetic moment should show oscillations with increasing amplitude as the
backlash angle increases. The time when the oscillation starts should increase, as the
difference angle of the cycloidal gearbox needs a longer time to rise to the value of the
backlash angle. These expectations are met and shown in fig. A-25.
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Figure A-25: Plot of system response for Test VIII
A.7.9 IX
This test verifies the rotor subsystem qualitatively. Therefore a step signal with the
height 1 is the input for idm/qm. The system response mel is plotted in A-26. Because
Figure A-26: Plot of system response for Test IX
the formalised model of the rotor is an equation causing a linear dependence of idm/qm
from mel, the response is as expected and the system qualitatively verified.
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A.7.10 X
For the rotor system an analytical verification is possible, as no time dependency of the
system is given. The algebraic solution for the system response can be gained by the
following
mel = KT · iqm +
3
2
Zp (Ld − Lq) idm iqm = 1.6373 . (34)
The analytical test was performed successfully.
A.7.11 XI
This test verifies the stator subsystem qualitatively. Therefore a step signal with the
height 1 is the input for Ud/q and ωm. The system responses idm/qm, id/q are plotted
in A-27. The system exhibits time dependant terms, which should approach to zero,
Figure A-27: Plot of system response for Test XII
when the derivation of the systems input with respect to the time is zero. Therefore,
the system should approach a stable value after a phase of oscillation. This expectation
is met.
A.7.12 XII
To verify whether the system response from XI is correct, an analytical solution has to
be found. Therefore, the steady state solution will be used, which is characterised by
d
dt iq/d = 0. With this assumption, the steady state equations become
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0 = Ud −R · idm +
R+Rc
Rc
Zp ωm Lq iqm , (35)
0 = Uq −R · iqm −
R+Rc
Rc
ωm (
2
3
KT + Zp Ld idm) , (36)
id = idm +
−Zp ωm Lq iqm + Ld · 0
Rc
, (37)
iq = iqm +
+Zp ωm Ld idm + ωm
2
3 KT + Lq · 0
Rc
. (38)
Rearranging yields:
iqm =
Uq
R −
R+Rc
R·Rc
ωm
2
3 KT −
R+Rc
R2·Rc
Ud ωm Zp Ld
1 + (R+Rc)
2
R2·R2c
ω2m Z
2
p Ld Lq
, (39)
idm =
Ud
R
+
R+Rc
R ·Rc
Zp ωm Lq iqm , (40)
id = idm +
−Zp ωm Lq iqm + Ld · 0
Rc
, (41)
iq = iqm +
+Zp ωm Ld idm + ωm
2
3 KT + Lq · 0
Rc
. (42)
When applying the parameters of the system, the resulting values are
iqm = −0.233 , (43)
idm = 1.881 , (44)
id = 1.881 , (45)
iq = −0.2144 . (46)
(47)
The stator model could therefore also be verified analytically.
A.7.13 XIII
This test aims in verifying the control system. Therefore a reduced model consisting of
the control system, servo motor system and an inertia J is used. The input of the control
system besides the feedback-variables is chosen to be the nominal value ϕ∗m with a
step-function of 0.1 height. The nominal value ω∗m is set to zero. The time delays (td)i in
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the control system are set to zero also. The response of the system for the output angle
and speed with a controlled system of J = 0.5 is shown in fig. A-28. Assuming that
Figure A-28: Plot of system response for Test XIII
the controller works properly with the given servo motor, the system response should
approach the nominal values with decreasing oscillations. This qualitative expectation is
met. The control subsystem outputs the nominal values U∗d/q. The qualitative behaviour
is shown in fig. A-29 for the same input. As the component U∗d is mostly dependant on
the angular velocity, the value is plausible low. The step input on the nominal angular
position leads to a high momentary value of demanded torque, which can be seen from
the behaviour of U∗q . This value then decreases as the rate of change in the demanded
angular position is zero.
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Figure A-29: Plot of system response for Test XIII
A.7.14 XIV
When incorporating the time delays (td)i of the control system, the qualitative behaviour
similes the system free of time delays. As expected only the outputs are shifted by a
certain amount of time. This is shown in fig. A-30.
Figure A-30: Plot of system response for Test XIV
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A.7.15 XV
With all subsystems verified the overall system with the correct gear ratio can be
examined. Therefore, the system with backlash and gearbox efficiency as well as time
delay in the control system is examined. The inputs are a step function in ϕ∗m with the
amplitude 100 and ω∗m = 0. The plausibility can be analysed using fig. A-31. Hereby the
Figure A-31: Plot of system response for Test XV
final value of the input angle strives to 100, which is the nominal value. As expected,
the output angle strives to 10081 . The gradients of the angles are constant during the
quasi-static rise phase as expected due to limited proportional gains of the controller.
A.7.16 XVI
The overall system without backlash and gearbox efficiency but with time delay in the
control system is examined. Therefore, the input is a step function in ϕ∗m with the height
100 and ω∗m = 0. The plausibility of the occurring kinetic moments in the system can
be analysed using fig. A-31. Due to missing backlash and torque loss, the qualitative
courses of the plots seem plausible.
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Figure A-32: Plot of system response for Test XVI
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A.8 SENSITIVITY ANALYSIS
A.8.1 INFLUENCE OF THE BACKLASH ANGLE
To determine the influence of the backlash angle on the overall system behaviour,
additionally to the time delay, the relative amplitude error of the response was analysed.
For that, the system response with no backlash angle was set as 0% amplitude error,
on which the other signals were referenced. The time behaviour of the result is an
oscillation starting from −100%, quickly rising and oscillating around zero. The qualitative
course of the amplitude error for ϕ4 = ϕl in case of a 3-4-5-polynomial and step function
as the system input are shown in fig. A-33. Both responses show a turning point when
Figure A-33: Time Behaviour of the Amplitude Error for a 3-4-5-polynomial Input
(orange lines) and Step Input (green lines)
approaching the 0% line. The amplitude error values at the turning point are taken and
plotted against the value of the backlash angle on the abscissa. The results are shown
in fig. 7-5.
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A.9 BILL OF MATERIALS
Table A.5: Bill of Materials
No. Quantity Description
1 1 Servomotor Bosch MSK070E-0300-NN-M2-U-G-0-NNNN
2 1 Flange Servomotor
3 1 Adapter Input Torquesensor small
4 1 Torquesensor Manner D74 50Nm
5 1 Adapter Output Torquesensor small
6 1 Multi-Disc Coupling KTR Radex-N 25 NNZ
7 1 Input shaft gearbox
8 1 Input Spline Nabtesco RV-110E-81-A
9 1 Cycloidal Gearbox Nabtesco RV-110E-81-A-B
10 1 Casing Cover Gearbox
11 1 Z-bushing Gearbox
12 1 Casing Gearbox, upper part
13 1 Casing Gearbox, lower part
14 1 Rotary Shaft Seal 40x56x8
15 1 O-Ring JIS B2401-G190
16 1 Output Adapter Gearbox
17 1 Adapter Input Torquesensor large
18 1 Coupling Mayr ROBA-DS 300 9110.001000
19 1 Torquesensor Kistler 4550A3k0S10N1kA0
20 1 Transducer Kistler 4541An114
21 1 Feather Key DIN 6885 10x8x25 Form A
22 1 Adapter Output Torquesensor large
23 1 Torquemotor Shaft
24 1 Ring Nut Heidenhain ID 336669-16
25 1 Encoder Heidenhain RCN 8510
26 2 Labyrinth Seal GMN L 200x230x20
27 1 Adapter Stator Encoder
28 2 Angular Contact Ball Bearing NSK 79200C-MY V1VS
29 1 Torquemotor Endplate right
30 1 Flange Torquemotor
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No. Quantity Description
31 1 Casing Torquemotor
32 1 Stator Torquemotor MST530C-0010-SS-N0CN-NNNN
33 1 Rotor Torquemotor MRT530C-3N-0410-NNNN
34 1 Adjusting Washer
35 1 Adjusting Washer
36 1 Casing Pillar
37 1 Hexagon Socket Head Screw DIN EN ISO 4762 M10x35 - 8.8
38 16 Hexagon Socket Head Screw DIN EN ISO 4762 M05x12 - 8.8
39 22 Hexagon Socket Head Screw DIN EN ISO 4762 M10x25 - 8.8
40 12 Hexagon Socket Head Screw DIN EN ISO 4762 M10x50 - 8.8
41 1 Hexagon Head Screw DIN EN ISO 4014 M10x80 - 8.8
42 4 Hexagon Socket Head Screw DIN EN ISO 4762 M10x40 - 8.8
43 16 Hexagon Socket Head Screw DIN EN ISO 4762 M12x80 - 8.8
44 6 Hexagon Socket Head Screw DIN EN ISO 4762 M14x40 - 8.8
45 4 Hexagon Socket Head Screw DIN EN ISO 4762 M05x40 - 8.8
46 4 Hexagon Socket Head Screw DIN EN ISO 4762 M06x20 - 8.8
47 43 Hexagon Socket Head Screw DIN EN ISO 4762 M10x30 - 8.8
48 24 Hexagon Socket Head Screw DIN EN ISO 4762 M10x35 - 8.8
49 24 Hexagon Socket Head Screw DIN EN ISO 4762 M08x16 - 8.8
50 12 Hexagon Socket Head Screw DIN EN ISO 4762 M08x18 - 8.8
51 23 Hexagon Socket Head Screw DIN EN ISO 4762 M06x12 - 8.8
52 2 Hexagon Head Screw DIN EN ISO 4014 M08x25 - 8.8
53 1 Torquemotor Endplate left
54 1 Clamping Plate
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A.10 CONSTRUCTIVE DRAFT
On the following pages the drawings listed below are shown.
Table A.6: Attached Drawings
Test Rig Assembly
Test Rig Assembly Detail Output Side
Test Rig Assembly Detail Input Side
Test Rig Assembly Detail Torque Motor
Test Rig Assembly Detail Gearbox
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